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Abstract 
Spectroscopic X-ray imaging is an emerging technology with applications in the fields of 
medical imaging, security, science and industrial analysis. The wide bandgap 
semiconductor cadmium zinc telluride (CdZnTe) is the leading sensor material for this 
technology. Refinements in the growth process have delivered consistent improvements 
in both yield and quality of single crystal CdZnTe. The fabrication of metal contacts 
required for electronic readout is now considered to be the limiting factor for small pixel 
CdZnTe detector performance. This includes preparation of the CdZnTe surface, 
deposition of the metal contacts and pixellation. The current work is concerned with 
understanding and improving the detector fabrication process. A range of complementary 
characterisation techniques have been used to analyse the metal-semiconductor interface 
formed by electroless and sputter deposition of gold contacts onto CdZnTe. The 
characterisation included focused ion beam (FIB) cross section imaging, chemical 
analysis with X-ray photoelectron spectroscopy (XPS) and electronic analysis with 
current-voltage (IV) measurements. The electroless deposition was found to produce a 
complicated interface consisting of a surface gold layer on top of a mixed interface of 
gold, tellurium oxide and cadmium chloride. The effective barrier height of this contact 
was measured to be 0.78 ± 0.04 eV under positive bias and 0.83 ± 0.02 eV under negative 
bias. The interface of sputter deposited gold contacts was simple in comparison, with a 
sharp interface between the gold and CdZnTe and a barrier height of 0.64 ± 0.02 eV under 
positive bias and 0.78 ± 0.02 eV under negative bias. An optimised detector fabrication 
process has been developed. This process involves forming gold contacts on mechanically 
polished-only CdZnTe by electroless deposition. Pixellation is achieved with a positive 
photoresist prior to gold deposition. A small pixel (250 μm pitch) CdZnTe detector 
fabricated in this manner and bonded to the HEXITEC ASIC has produced a single pixel 
FWHM energy resolution at 59.54 keV of 560 eV, with a modal FWHM resolution of  
1.5 keV across the full 74 × 74 pixel array.  
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Unless otherwise stated… 
A  = Contact area NA = Acceptor concentration 
A* = Richardson constant NC = Conduction band density of states 
C  = Capacitance ND = Donor concentration 
c = Speed of light ni = Intrinsic carrier concentration 
D = Diffusion coefficient NT = Trap concentration 
d = Detector depth NV = Valence band density of states 
E = Photon energy ν = Photon frequency 
E0 = Standard potential p = Hole concentration 
EB = Electron binding energy Q = Charge 
EC = Conduction band energy q = Electronic charge 
EF = Fermi energy R = Resistance 
EG = Bandgap RSRH = Shockley-Read-Hall recombination rate 
EKE = Photoelectron kinetic energy π = Pi 
ET = Trap energy ρ = Resistivity 
EV = Valence band energy σ = Capture cross section 
ϵ = Dielectric constant T = Temperature 
f = Frequency τ = Lifetime 
F = Fano Factor U = Accelerating potential 
h = Planck constant V = Voltage 
θ = Angle Vth = Thermal velocity 
I = Current Φ = Work function 
kB = Boltzmann constant ϕ = Barrier height 
λ = Photon wavelength φ = Electric potential 
m = Calibration energy per channel φ0 = Weighting potential 
m0 = Electron rest mass W = Electron-hole pair creation energy 
me* = Electron effective mass x = Zinc fraction 
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n = Electron concentration Z = Atomic number 
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1. Introduction  
Since the discovery of X-ray radiation by Roentgen in 1895, there has been an ever 
widening use of ionising radiation to probe, measure and affect the world around us. Both 
man-made and naturally occurring radiation sources have been utilised. Alpha emitting 
241Am is used in smoke alarms to detect smoke [1], beta emitting 14C is used to date fossils 
[2] and positron emitting 18F is used to trace tumours, with the subsequent positron 
annihilation releasing γ-rays which are used to image the tumour [3]. Cosmic muons have 
even been harnessed, with applications ranging from nuclear reactor imaging [4] to the 
mapping of magma chambers beneath volcanoes [5]. 
The ionising radiation most widely exploited is X-ray radiation with energies from 1 to 
several hundred keV. X-rays are routinely used to image and treat patients, determine the 
atomic and molecular structure of materials, scan baggage at airports for security and 
inspect industrial components. X-rays have even been used for shoe fitting, although 
modern regulations have confined superfluous and dangerous applications such as this to 
the past (see Figure 1.1).    
 
Figure 1.1 – A certificate presented to shoe shop customers in the 1940’s 
after having their feet X-ray imaged as part of the shoe fitting service [6].  
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1.1 X-ray imaging technology 
The wide and varied exploitation of X-rays is partly due to the ease with which they can 
be generated by an X-ray tube [3]. A high current is passed through a cathode filament 
leading to the ejection of electrons. The electrons are accelerated by a high voltage 
through a vacuum towards an anode target, typically tungsten. The electrons impact the 
target, decelerate rapidly and produce X-rays through the Bremsstrahlung effect.  
The modern X-ray tube is not dissimilar from the Crookes tube [7] used by Roentgen and 
his contemporaries in the second half of the 19th century when X-rays were first observed. 
The Crookes tube generated X-rays as an unintentional, serendipitous by-product of their 
primary function, which was to generate so called cathode rays. At this time, scientists 
relied on photographic plates to detect, or image X-rays.  
A photographic plate consists of a glass plate with a thin coating of a photosensitive silver 
emulsion [3]. Photographic plates and films can provide excellent spatial resolution but 
no energy (spectroscopic) information. They are also slow to use and have poor X-ray 
detection efficiency. Digital radiography is increasingly being used as it allows an image 
to be instantly available on a computer. The image can be automatically adjusted, 
corrected and analysed without the operator’s input. Charge-coupled devices (CCD) and 
flat panel thin film transistor (TFT) arrays have been widely used for X-ray imaging. 
Typically, a phosphor or scintillator layer is coupled to the CCD or TFT to improve the 
X-ray detection efficiency, which would otherwise be poor. This is an example of indirect 
X-ray detection as the X-rays are first converted to visible light and it is the visible light 
that is imaged. An example of a scintillator coupled TFT indirect X-ray imager is shown 
in Figure 1.2. A popular scintillator is caesium iodide (CsI) as it can be grown with a 
columnar structure which acts as a light guide to preserve spatial resolution and has a high 
atomic density providing good detection efficiency. Alternatively, amorphous selenium 
(a-Se) may be grown on a TFT array to form a direct conversion X-ray imager with good 
detection efficiency [8]. Direct conversion refers to a process where the charge released 
during an X-ray interaction forms the signal that is measured. Direct conversion a-Se TFT 
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arrays benefit from increased image sharpness and resolution compared with indirect TFT 
imagers [8]. 
 
Figure 1.2 – A schematic illustration of a TFT photodiode array coupled to a 
scintillator to improve detection efficiency [9]. Image © Elsevier. 
So far only integrating detectors have been discussed. Integrating detectors refer to 
detectors that make no distinction between individual photons incident on the detector, or 
the energy of individual photons. They simply integrate the signal generated by photons 
as they interact with the detector, with the output signal proportional to the total energy 
deposited. In comparison, counting detectors register the interaction of individual 
photons. Counting detectors are not suited to high flux applications due to the time 
required to process individual pulses, but they do offer improved image contrast at lower 
doses. The image contrast can be further improved if the counting detector is energy 
resolving by applying a different weighting to different energy bins. Energy dispersive, 
or spectroscopic imaging also makes possible new imaging modalities, such as k-edge 
imaging and material discrimination. 
Indirect conversion spectroscopic counting detectors operate by recording the intensity 
of scintillation light released by an X-ray interaction to give a measure of the incident 
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photon’s energy. The energy resolution of indirect detectors is inherently limited by a 
number of statistical and practical factors. This includes light yield, light collection and 
electron conversion efficiency. Direct conversion spectroscopic imaging has inherently 
very good energy resolution. This is because the conversion efficiency of the incident 
photon to charge is often 100% (ignoring losses from X-ray fluorescence and Compton 
scattering). Also, collection of the released charge is often 100%. As a result the energy 
resolution of an ideal direct conversion spectroscopic X-ray detector is purely related to 
the statistical variation in the number of electron-hole pairs (EHP) released during the 
conversion process. 
Direct conversion spectroscopic X-ray imaging with CCD or TFT technology is only 
possible with low energy X-ray photons due to the low Z of silicon and the limited depth 
of the active region in the sensors. Alternatively, complementary metal-oxide-
semiconductor (CMOS) technology offers the possibility of hybrid detectors with higher 
Z semiconductors bonded to a silicon application specific integrated circuit (ASIC) chip. 
The high Z semiconductor (e.g. CdZnTe) provides improved detection efficiency at 
higher X-ray photon energies and the ASIC provides in-pixel signal processing of 
individual pulses; an example of an active pixel design. Energy discrimination can be 
achieved with an ASIC by a series of comparators and counters located within the pixel 
architecture. The discriminators are used to separate events, after signal amplification and 
shaping, into adjustable energy bins to form an energy spectrum. This is the solution 
adopted by the MEDIPIX ASIC [10]. The limitations of this approach include the 
additional electronic noise associated with the comparators and the finite number of 
energy bins which can limit the energy resolution of the detector. The alternative is a 
peak-hold and rolling shutter architecture where the amplitude of every event is recorded 
and read out at a constant rate. This fully spectroscopic solution is the one adopted by the 
HEXITEC ASIC [11]. The width of the energy bins in this instance is defined by the 
resolution of the analogue-to-digital (ADC) register located off-chip, which is 14 bit for 
HEXITEC. The electronic noise associated with the ASIC is also very low (50 electron 
[12]) due to the simplicity of the circuit. As a result, the energy resolution is limited by 
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the detector leakage current and quality of the semiconductor material and contacts and 
not the ASIC. 
In practise the choice of imaging technology will vary depending on the demands and 
constraints of the particular application. The most common and new emerging X-ray 
imaging methods and applications are discussed in Appendix A: X-ray Imaging 
Applications. 
The choice of semiconductor sensor material will also depend on the demands and 
constraints of the application. The current work is focused on the use of CdZnTe bonded 
to the HEXITEC fully spectroscopic readout ASIC. This combination of sensor and 
readout technology has the potential to improve many existing imaging modalities and 
will make new modalities possible. The choice of CdZnTe as the sensor material is 
discussed in the following section. 
1.2 CdZnTe as a detector material 
The binary and ternary semiconductor compounds of cadmium telluride (CdTe) and 
cadmium zinc telluride (CdZnTe), collectively referred to as Cd(Zn)Te, are increasingly 
being used for X/-ray radiation detection. The primary mechanism by which X-rays (or 
low energy -rays) interact with matter is via the photoelectric effect, which carries a      
Z4-5 dependency. Cadmium, zinc and tellurium have atomic numbers of 48, 30 and 52 
respectively, which gives Cd(Zn)Te a high mass attenuation coefficient and excellent 
detection efficiency. In addition, the wide bandgap and self-compensation of Cd(Zn)Te 
provide high resistivity and low leakage currents. This allows the detector to be operated 
with minimal cooling or even at room temperature whilst maintaining spectroscopic 
performance. Comparisons with other common semiconductors are given in Table 1.1 
and Figure 1.3. There is much interest in using Cd(Zn)Te to realise ‘colour’ X-ray 
imaging in the medical, security and industrial fields  [13-16]. 
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Table 1.1 – A comparison of key properties of common semiconductors used 
for radiation detection [13, 17, 18]. 
 CdZnTe CdTe Si Ge GaAs Se 
Atomic no 48, 30, 52 48, 52 14 32 31,33 34 
Bandgap (eV) 1.6a 1.5 1.1 0.7 1.4 2.2 
Charge transport Good Good Excellent Excellent Good Poor 
a Value assuming typical zinc concentration of ~ 10%. 
 
Figure 1.3 – Mass attenuation coefficient of Cd0.9Zn0.1Te compared with Si 
for photon energies from 1 keV to 10 MeV [19].  
1.2.1 Crystal growth 
For spectroscopic radiation measurements, the CdZnTe material must meet a number of 
requirements. Meeting these requirements is the primary challenge of the crystal growth 
process. The requirements for detector grade CdZnTe are listed below: 
Single crystal – Polycrystalline CdZnTe has poor charge transport properties due to 
recombination of charge carriers at grain boundaries [20]. This degrades the energy 
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resolution of spectroscopic measurements [21]. Single crystal CdZnTe has significantly 
better charge transport properties. Complete collection of electrons from 10 mm thick 
single-crystal CdZnTe is routine [22]. 
Defect/impurity free – The energy resolution of single-crystal CdZnTe can be degraded 
by the presence of impurities or crystalline defects which cause trapping and 
recombination just as grain boundaries do in polycrystalline material. A non-uniform 
distribution of impurities or defects may also affect the spatial uniformity of the detector 
due to increased charge loss, gain variations and electric field distortions. Crystal defects 
include tellurium inclusions and precipitates, sub-grains, pipes and thermal stress induced 
macroscopic cracks. The accumulation of tellurium precipitates along sub-grain 
boundaries has been identified as a particular problem due to the increased conductivity 
of tellurium. Infrared microscopy is used to identify and quantify crystalline defects in 
CdZnTe (see Figure 1.4). 
 
Figure 1.4 – Infrared micrograph of CdZnTe boule showing tellurium 
inclusions, pipes and cracks in as-grown material [23]. This material would 
not be considered detector grade. Image © SPIE. 
Uniform zinc composition – Zinc telluride (ZnTe) has a narrower lattice spacing 
compared with CdTe. As a result, the lattice spacing of Cd1-xZnxTe is narrower and the 
bandgap wider than that of CdTe. A zinc fraction of x = 0.1 is sufficient to decrease the 
lattice spacing from a = 6.48 to 6.44 Å and increase the resistivity by an order of 
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magnitude, from ρ ≈ 109 to 1010 Ω.cm [13]. The signal produced by a photon interacting 
with a semiconductor is small. If the material resistivity is low, the photon signal may be 
masked by the bulk leakage current. A high resistivity ensures a good signal-to-noise ratio 
and reduces spectral broadening. A uniform distribution of zinc throughout the CdZnTe 
is required to ensure a uniform spectral response of the detector. The distribution of zinc 
is determined by the difference in solubility of ZnTe in the solid and liquid phase of CdTe. 
In equilibrium conditions the ratio of an impurity dissolved in the solid and liquid phases 
of another material is described by the segregation coefficient k0. For ZnTe in CdTe,         
k0 = 1.3, which is large and leads to the migration of zinc from the liquid to the solid phase 
and a higher zinc concentration at the tip of the boule. The zinc segregation along the 
boule growth axis is illustrated in Figure 1.5. 
 
Figure 1.5 – Theoretical and measured zinc segregation along high pressure 
Bridgman (HPB) grown CdZnTe boule [24]. Image © Elsevier. 
Large volume – A large active volume is required for the efficient detection of X/γ-rays 
and associated secondary emissions (X-ray fluorescence and annihilation photons) or 
Compton scattering events. A 1 mm thick Cd(Zn)Te sensor is only suitable up to photon 
energies of ~ 100 keV. A sensor of 15 mm extends this sensitivity up to 3 MeV [25]. A 
large active area is also required for many imaging applications. Small-pixel CdZnTe 
detectors are limited to ~ 20 × 20 mm2 as this is the upper limit of the single die ASICs 
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that are currently available. Large-pixel or planar detectors are typically limited by the 
yield of large single crystal CdZnTe. The growth of large, homogenous and defect free 
single crystal CdZnTe has obvious economic benefits and is currently an obstacle for the 
commercialisation of CdZnTe for a number of crystal growers.  
There are several methods available for the growth of detector-grade CdZnTe [13]. This 
includes high pressure Bridgman (HPB) [23], modified vertical Bridgman (MVB) [26], 
multi-tube physical vapour transport (MTPVT) [27] and travelling heater method (THM) 
[22]. The HPB method is common among material research groups however more 
recently THM has proved to be the growth method of choice for industrial production of 
detector grade CdZnTe. The leading suppliers of both detector-grade CdTe (Acrorad Co. 
of Japan [28]) and CdZnTe (Redlen Technologies of Canada [29]) use this method.  
Near-stoichiometric conditions are generally required for Bridgman growth techniques. 
The melting point of stoichiometric CdTe is 1,092°C which is the maximum of the 
liquidus curve (see Figure 1.6). High temperature growth is problematic due to the 
migration of impurities from the quartz growth ampoule to the boule. The formation of 
tellurium precipitates also increases with temperature [30]. Non-stoichiometric CdTe has 
a lower melting point as the excess of tellurium or cadmium acts as a solvent. For this 
reason, non-stoichiometric growth is preferable. 
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Figure 1.6 – A binary liquidus phase curve for CdTe. The melting point of 
CdTe decreases as the mixture deviates from stoichiometry [31-33]. 
Travelling heater method growth is possible at ~ 600-900°C as it occurs under non-
stoichiometric conditions. The growth is typically completed under tellurium-rich 
conditions due to the poor solubility of CdTe in cadmium. The THM growth process 
benefits from the ‘gettering’ effect, where impurities with low segregation coefficients 
concentrate in the tellurium-rich melt. Growers, such as Redlen, are now able to 
consistently produce THM-grown CdZnTe crystals with resistivities > 1 × 1010 Ω.cm, 
electron mobility-lifetimes > 1 × 10-2 cm2.V-1 and volumes of 100 cm3 with minimal zinc 
segregation [34]. 
The THM CdZnTe growth process is shown in Figure 1.7. A tellurium-rich solvent is 
formed by melting the CdTe/ZnTe source material with a heater above a seed crystal. 
Ideally a CdZnTe seed crystal is used to improve lattice matching. A temperature gradient 
along the length of the ampoule is maintained to promote the diffusion of Cd(Zn)Te 
towards the seed crystal. At the top of the heater, the temperature T1 reaches ~ 900°C and 
is reduced at the base of the heater near the seed to T2 ~ 300°C. The ampoule is drawn 
through the heater and rotated; a process called accelerated crucible rotation technique 
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(ACRT). The rotation induces a convection current that reduces solidification at the edges 
and migration of zinc away from the centre of the boule. 
 
Figure 1.7 – A schematic illustration of the THM growth process. 
Despite the advantages of THM over other CdZnTe growth methods, the growth process 
is not without limitations. Cadmium losses in the vapour phase create cadmium vacancies 
in the crystal that must be compensated. This requires an additional doping process, 
typically with indium. Tellurium-rich growth can lead to tellurium precipitates when 
supercooling occurs at the growth interface. A convex growth interface must be 
engineered to encourage nucleation at the ampoule wall which draws excess tellurium 
away from the centre of the boule. The convex growth interface is created by careful 
control of axial/lateral heating and speed of ampoule travel through the heater. Post-
growth annealing of the boule is often required to improve the charge transport properties 
of THM-grown CdZnTe [35]. However recent improvements in the as-grow material 
mean that annealing is not required for all applications [36]. 
1.2.2 Contacts 
Cd(Zn)Te radiation detectors are often formed of a single crystal of Cd(Zn)Te with typical 
dimensions of 20 × 20 × 1-5 mm3, with metal contacts deposited on opposing  (111) faces. 
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A high-voltage (HV) supply is used to bias one contact and the other contact is connected 
to a readout chain consisting of a charge sensitive preamplifier, shaping amplifier, 
analogue-to-digital (ADC) convertor and multi-channel-analyser (MCA). As an X/γ-ray 
interacts within the active Cd(Zn)Te bulk, electron-hole-pairs (EHP) are released. These 
charge carriers drift towards opposite collecting contacts through the electric field and, as 
they drift, induce a charge signal on the contacts which is amplified, shaped and measured 
by the readout circuitry. The amplitude of the induced pulse is proportional to the energy 
of the incident photon for an ideal detector. 
Spectroscopic imaging with Cd(Zn)Te may be realised by the pixellation of one of the 
metal contacts. Pixel size is a crucial parameter; smaller pixels benefit from improved 
spatial resolution but also increased charge sharing which can degrade energy resolution 
and photopeak efficiency. If the pixel size is ≲ d/4, where d is the detector depth, the 
detector will be subject to the “small pixel effect”. The small pixel effect is a phenomenon 
where the sensitivity of a pixel to a charge carriers drift will increasingly become localised 
to the pixel as the pixel size is reduced. This is explained by the Shockley-Ramo theorem 
of charge induction [37-40]. The result is that the detector becomes increasingly sensitive 
to only one polarity of charge carrier as the pixel size is reduced. Further information on 
the Shockley-Ramo theorem and the small pixel effect are included in Appendix B: 
Detector Electronics. Hole transport in Cd(Zn)Te is poor, with slow mobility and a high 
degree of trapping and charge loss. Electron transport is very good by comparison and it 
is not unreasonable to expect 100% electron collection. If the detector is configured such 
that the pixellated contact is positive (i.e. the anode) relative to the planar contact (i.e. the 
cathode) then the small pixel effect can be exploited to ensure that the signal induced on 
the pixellated contact is largely due to the drift of electrons and not holes. Through this 
configuration the effect of hole trapping can be minimised and spectroscopic 
measurements can be improved. Other contact configurations exist, such as coplanar 
grids, which can also reduce the hole contribution; however these still require some 
degree of pixellation to become position-sensing [41-43]. 
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The fabrication of an array of small pixels on a semiconductor is a technically challenging 
process involving crystal processing and cleaning, metal deposition and lithography. The 
success of each stage of the fabrication is heavily dependent on the details and success of 
previous stages. High-quality small pixel contacts have been successfully deposited on 
CdTe [44-46]. The requirements of contacts on CdTe are different to those on CdZnTe 
due to the lower resistivity of CdTe. Aluminium is typically used for the pixellated 
electrode on CdTe to form a Schottky, or blocking contact. This is required to reduce the 
leakage current associated with the lower resistivity of the material.  
A consequence of blocking type contacts on CdTe is the build-up of space charge at the 
contact when a bias is applied across the detector. The build-up of space charge below 
the pixellated anode contact has a shielding effect which leads to the collapse of the 
electric field below the cathode [47]. This is referred to as polarisation [48]. Polarisation 
is associated with a collapse of the spectral response of the detector [48]. Increasing the 
bias or decreasing the detector temperature increases the length of stable operation before 
a collapse in spectral performance is observed [47]. However a large bias can lead to an 
exponential increase in leakage current, which may be related to an electric field collapse 
along the edge of the detector [49]. A thick CdTe crystal requires a higher bias to achieve 
the same field strength (bias divided by detector thickness) as a thinner detector to ensure 
full charge collection. It has been found that the effects of polarisation are greater in 
thicker CdTe detectors even when the field strength is equal to that applied to a thinner 
detector [48]. Although regular bias refreshing can minimise the impact [50], polarisation 
is a major obstacle to the realisation of thick CdTe detectors (d > 1 mm). The limited 
detector thickness greatly reduces X/γ-ray detection efficiency for energies > 100 keV. 
Many applications, such as single photon emission computed tomography (SPECT) and 
industrial component analysis ideally require better detector efficiency at higher energies 
than can be achieved with a 1 mm CdTe detector.  
The resistivity of Cd0.9Zn0.1Te is an order of magnitude greater than that of CdTe and so 
blocking contacts are not required. This means bias induced polarisation is avoided and 
detectors with a thickness of 15 mm have been successfully demonstrated [51]. However, 
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predicting the response of a contact on CdZnTe is difficult as the choice of metal, method 
of deposition and prior surface preparation or treatment may all affect the electronic 
properties of the interface.  
Gold is a popular choice of contact metal for CdZnTe as it is a good conductor and has a 
work function of 5.1 eV [52], which is similar to high resistivity CdZnTe. Several 
methods are commonly used to deposit gold contacts on CdZnTe; thermal evaporation, 
sputtering, and electroless deposition. It has been observed that the electroless process 
results in superior adhesion compared with that of thermally evaporated contacts [53]. 
This may be explained by the stronger chemical bonding and greater inter-diffusion of 
gold at the metal-semiconductor (MS) interface [54, 55]. Electroless deposition of gold 
has generally been shown to produce a greater Ohmic response and better spectroscopy 
compared with thermally evaporated or sputtered contacts [54, 56-58]. Platinum is an 
alternative choice of contact metal as it has a work function of 5.65 eV [52] however 
electroless gold has been shown to produce a more Ohmic response [56, 59] and better 
spectroscopy [54] compared with electroless platinum. Micro-cracking has also been 
observed in electroless platinum contacts but does not occur in electroless gold contacts 
[55]. This was attributed to a smaller lattice mismatch between gold and CdZnTe 
compared with platinum and CdZnTe.  
The minimum preparation required for a CdZnTe detector prior to contact deposition is 
mechanical polishing of the top and bottom surfaces with fine-grain alumina or silicon 
carbide. Further treatments, such as chemo-mechanical polishing with a bromine etchant 
[27], passivation [28-30] and hydrogen plasma [31] or argon ion [20] etching have been 
demonstrated to modify the surface stoichiometry and work function, and reduce the 
leakage current leading to improved detector performance. 
1.2.3 Previous studies of contacts on CdZnTe 
A reliable process for the fabrication of small-pixel CdZnTe detectors is vital if traditional 
X/γ-ray imagers are to be replaced and new imaging modalities to be realised. There have 
been many previous studies of contacts on Cd(Zn)Te, with a range of experimental 
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techniques used to investigate different metals, deposition methods and surface 
preparations. A selection of the studies most relevant to the current work is reviewed 
below:  
Zheng et al. (2012) [55] compared gold, platinum and ruthenium contacts deposited by 
electroless deposition. The vertical gradient freeze (VGF) grown CdZnTe:In was first 
mechanically polished with 1 μm diamond slurry then chemically etched with 2% 
bromine-in-methanol for 2 min. The metal chloride solutions were prepared by dissolving 
1 g of metal chloride in 25 ml of de-ionised water. Rutherford backscattering 
spectroscopy (RBS) measurements confirmed inter-diffusion of gold and CdZnTe with a 
significant concentration of oxide, attributed to TeO2, present in the interface. The gold 
layer thickness was measured to saturate at 120 nm after being immersed in the gold 
chloride solution for 1 hr. The ruthenium deposition was much slower and full coverage 
was not measured after a 5 hr deposition. Micro-cracking and peeling of both platinum 
and ruthenium contacts was measured by scanning electron microscopy (SEM) but not 
for the gold contacts. 
Hage-Ali et al. (2004) [60] and Roumie et al. (2004) [61] also used RBS to study different 
contacts deposited by electroless deposition. The authors complimented the RBS analysis 
with secondary ion mass spectroscopy (SIMS) and photo-induced current transient 
spectroscopy (PICTS). Gold, platinum and palladium contacts were deposited on chemo-
mechanically polished (bromine-in-methanol) travelling heater method (THM) grown 
CdTe:Cl using 1 g of the metal chloride salts dissolved in 25 ml of dilute acid/de-ionised 
water solutions. The solutions were further diluted 5, 10, 15 20 and 25 times to investigate 
the effect of dilution on deposition. The authors measured a multi-layer structure for all 
three metal contacts and an increasing depletion of cadmium in the interface as the 
dilution increased. For platinum, this was correlated with an increase in the concentration 
of a defect state at 0.5 to 0.6 eV. This defect was attributed to the cadmium vacancy, VCd. 
The authors concluded that the heterojunctions formed between the numerous layers 
would determine the quality of the contact. 
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The Northwestern Polytechnical University in China have extensively used synchrotron 
X-ray photoelectron spectroscopy to study the contacts and surfaces of CdZnTe. Of 
particular interest is a study by Zha et al. (2007) [58] where gold contacts deposited by 
electroless deposition were investigated. The low resistivity Bridgman grown p-CdZnTe 
was first mechanically polished then chemically etched with bromine-in-methanol. A 
gold chloride solution was used to deposit the contacts. The authors identified a 
significant oxide layer between the surface gold and bulk CdZnTe which they assigned 
to CdTeO3. A model was proposed to explain the Ohmic response of CdZnTe detectors 
with gold contacts formed by electroless deposition based on the presence of this CdTeO3 
layer. 
Lee et al. (2000) [56] used Auger electron spectroscopy (AES), a similar method to XPS, 
to compare gold and platinum contacts deposited by electroless deposition (HAuCl4 and 
HPtCl4) with thermally evaporated gold contacts on CdZnTe. The high pressure 
Bridgman (HPB) grown Cd0.8Zn0.2Te was first mechanically polished with 0.3 μm 
alumina then chemo-mechanically polished with a bromine-in-ethylene glycol solution 
and finally etched with 4% bromine-in-methanol. The authors measured a depletion of 
cadmium within the interface and increased penetration of gold/platinum into the CdZnTe 
for the contacts formed by electroless deposition. The penetration of platinum was greater 
than that of gold. In comparison, the evaporated gold contacts displayed minimal mixing 
with the bulk. The authors concluded that the superior energy resolution of the detectors 
with electroless contacts was related to the penetration of the metal into the bulk.  
Bensalah et al. (2011) [62] used SEM and atomic force microscopy (AFM) to compare 
the effects of different surface preparations on Bridgman grown Cd0.9Zn0.1Te. The 
CdZnTe was either lapped with 3 μm alumina on a bare glass plate, mechanically polished 
with 3 μm alumina on cloth-covered plate or chemically etched with bromine-in-methanol 
for 30 s to 8 min. The as-lapped surface appeared rougher compared with the as-polished 
surface, however the as-polished surface contained a higher density of scratches. The 
chemically etched surface was smooth in comparison to both. The lowest surface 
roughness, ~ 3 nm root-mean-square (RMS) and lowest leakage current was measured on 
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the sample chemically etched for 30 s. This compared with an RMS roughness of ~ 25 
nm for the as-polished surface. A further study by the same group (Crocco et al. (2012) 
[63]) achieved a much lower surface RMS roughness of 2 to 4 nm by mechanically 
polishing VGF grown CdZnTe with a 1 μm diamond abrasive. This study highlighted the 
importance of surface cleanliness; a high concentration of particulate contamination was 
measured by optical microscopy after mechanical polishing and wax de-bonding. The 
concentration of particulates across the chemically etched surface was reported to be 
“practically zero” however the wax de-bonding of the CdZnTe crystal introduced 
significant surface contamination (see Figure 1.8). 
 
Figure 1.8 – The concentration of particulate contamination as a function of 
particulate size measured by optical microscopy across the surface of 1 μm 
diamond abrasive polished CdZnTe and chemically etched CdZnTe after wax 
de-bonding [63]. Image © Elsevier. 
Wang et al. (2000) [57] used AFM to investigate different surface preparations of 
CdZnTe and current-voltage (IV) measurements to determine the Ohmicity and leakage 
current of different contact metals. The vertical Bridgman grown p-Cd0.8Zn0.2Te was 
lapped with 0.5 μm alumina, chemically etched with 5% bromine-in-methanol for 3 min 
and then etched with a mixed solution of 2% bromine / 20% lactic acid-in-ethylene glycol 
for 3 min. After each stage the CdZnTe surface was mapped by AFM. It was found that 
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the bromine / lactic treatment produced the smoothest surface, and once indium contacts 
were deposited by thermal evaporation, this surface also produced the lowest leakage 
current. The authors attributed this to the lower surface roughness possessing less 
dangling bonds and absorbing less charged particles from the environment prior to contact 
deposition. Additional samples were prepared with the bromine / lactic treatment and 
different contacts deposited for IV comparison; thermally evaporated indium, aluminium, 
gold and gold deposited by electroless AuCl3 solution. It was found that the evaporated 
gold contacts produced the highest leakage, followed by the electroless gold contacts. The 
evaporated indium contacts produced the lowest leakage current. The authors explained 
these results with reference to the difference in work function between the different metals 
and the CdZnTe, with gold having the smallest difference. The electroless gold contacts 
were measured to be the most Ohmic, which the authors attributed to the p+-layer formed 
at the surface due to the formation of cadmium vacancies. Surface measurements by AFM 
of the electroless gold contact showed a dense and homogenous coverage, with gold 
grains of ~ 50 nm. A post-deposition annealing process was also investigated, involving 
heating the sample to 200 or 300°C in a 10-4 Pa vacuum. It was found that the annealing 
increased the leakage current but improved adhesion of the gold. The increase in leakage 
current with annealing temperature was explained by the diffusion of gold through the 
interface lowering the barrier height of the contact. 
Jones et al. (2012) [64] combined AFM and surface IV measurements to compare 
different surface preparations. Three CdZnTe samples were prepared. The first was 
mechanically polished-only with 0.9 μm alumina. The second and third were polished as 
the first sample and then chemically etched with hydrogen bromide + hydrogen peroxide 
for 2 min and chemo-mechanically polished with bromine-methanol-ethylene glycol 
solution for 30 s respectively. Two small gold strip contacts were deposited on a single 
face of each sample by electroless deposition to allow surface IV measurements to be 
made. The authors found that the third sample, which had been chemo-mechanically 
polished with bromine-methanol-ethylene glycol had the lowest surface RMS roughness, 
in the order of 2 nm, and lowest leakage current. The sample chemically etched with 
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hydrogen bromide produced had the highest surface RMS roughness, in the order of 37 
nm and the highest leakage current.  
An important early study of contacts on CdZnTe was completed by Burger et al. (1997) 
[59]. The authors compared three different chemical surface treatments and four different 
contact technologies. Spectroscopic, IV and photoluminescence (PL) measurements were 
completed to determine the best combination of surface preparation and metal contact. 
The HPB grown Cd1-xZnxTe was sourced from two suppliers with zinc concentrations of 
x = 0.1 and 0.2 and was mechanically polished with 0.05 μm before being chemically 
etched. The etchant treatments investigated included 5% bromine-in-methanol (BM) for 
2 min, 2% bromine / 20% lactic acid-in-ethylene glycol (LB) for 2 min and BM + LB 
(BMLB). The BMLB treatment was measured to produce the lowest leakage and best 
energy resolution for gold contacts deposited by an AuCl3 electroless solution. A 
comparison of different contacts on BMLB treated CdZnTe is shown in Figure 1.9. It 
was found that the detector with thermally evaporated gold contacts produced the lowest 
leakage current and best energy resolution, followed by the detector with gold contacts 
formed by electroless deposition. The detectors with sputtered gold and platinum contacts 
produced higher leakage currents, poorer spectroscopy and their IV response was more 
asymmetric. The authors concluded that the sputter deposition process introduced 
additional surface damage, which was evidenced by an increase in a defect state during 
the PL measurements.     
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Figure 1.9 – Comparison of IV response curves for 5 × 5 × 2 mm3 CdZnTe 
detectors with different contact metals and deposition methods measured at 
room temperature [59]. Image © IEEE. 
It is not universally accepted that CdZnTe detector performance is improved after 
chemical treatment of the crystal surface. McDuff et al. (2007) [65] compared 
mechanically polished-only (0.3 and 0.05 μm alumina) CdZnTe to mechanically polished 
plus chemically etched (1% Br:MeOH solution) CdZnTe. The modified vertical 
Bridgman (MVB) grown Cd0.9Zn0.1Te was supplied by Yinnel Tech. Gold contacts were 
sputter deposited to allow IV and α/γ radiation measurements to be completed. The 
authors found that the detector with mechanically polished-only surfaces produced lower 
surface leakage currents and superior energy resolution. It was concluded that the 
chemical treatment may have left a residual chemical contamination on the surface that 
compromised the contact between the gold and CdZnTe surface. 
An important property of a metal-semiconductor junction is the barrier height. The barrier 
height determines the extent of charge flow and exchange. The barrier height is 
determined by the work functions of the metal and semiconductor and the presence of 
surface states or interfacial layers. There have been many attempts to measure the barrier 
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height of metal contacts on CdZnTe using a variety of methods. A summary of previously 
reported barrier height values, the method of measurement and a description of the 
samples investigated is given in Table 1.2. 
Table 1.2 – Previously reported barrier height values for metal contacts on 
CdZnTe. Low resistivity is defined as < 108 Ω.cm. High resistivity is defined 
as ≥ 108 Ω.cm. 
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As evidenced above, electroless gold contacts on CdZnTe have been extensively 
investigated. The results however are not easily compared due to variations in the CdZnTe 
growth method, resistivity, orientation and surface preparation. This is further 
complicated by variations in the deposition conditions, such as time, temperature, pH, 
luminosity etc. Often the details relating to the material and deposition conditions are 
omitted altogether from the published reports. Clearly the currently available literature is 
not sufficient to fully understand the response of contacts on CdZnTe and further 
experimental work is required. 
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1.3 Background and motivation 
Through the EPSRC funded HEXITEC collaboration [45, 73], the Rutherford Appleton 
Laboratory (RAL) has produced a world leading range of small pixel Cd(Zn)Te [74-78] 
and GaAs [79] X-ray imaging detectors, with associated application specific integrated 
circuits (ASIC) [11, 40]_References. An image of the HEXITEC detector system and a 
bonded CdTe sensor is shown in Figure 1.10. 
 
Figure 1.10 – (a) The HEXITEC detector system and (b) bonded CdTe 
sensor. 
The latest detector iteration, the HEXITEC 80 × 80, comprises 6,400 fully spectroscopic 
pixels on a 250 µm pitch and has already demonstrated potential in the fields of medical 
imaging  [80-84], industrial analysis [85-87] and homeland security [88-90]. An X/γ-ray 
intensity image of a 241Am point source and a typical full width half maxima (FWHM) 
distribution demonstrating the excellent energy resolution and uniformity of the 80 × 80 
HEXITEC CdTe detector is displayed in Figure 1.11. The average FWHM of the 
distribution is 0.75 keV which is regarded as industry leading. 
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Figure 1.11 – (a) X/γ-ray intensity image of a 241Am point source measured 
with a 80 × 80 HEXITEC CdTe small pixel detector [75]. (b) A typical 
FWHM distribution measured across the full 80 × 80 pixel array for the 59.5 
keV photopeak [91].  
With the increased availability of high quality CdTe and CdZnTe material from crystal 
growers such as Redlen Technologies Inc. [29] and Acrorad Co. Ltd [28] respectively, 
emphasis has shifted towards improving the fabrication stage of detector production. This 
includes the crystal preparation, metal contact deposition, pixellation and bonding. The 
deposition of metal contacts and efforts to understand, control and improve the process at 
RAL is the subject of the current work. This includes the first attempts by RAL to deposit 
gold contacts on CdZnTe using the electroless deposition process and the development 
of a complementary materials characterisation methodology to assess the results. The 
presented work represents an important phase in a programme of studies that ultimately 
aim to fabricate small pixel CdZnTe detectors with low leakage, high uniformity, good 
reproducibility, and which realise the intrinsic spectroscopic performance of the material.  
The current work builds on the existing literature by combining a range of complementary 
characterisation techniques to identify the structural, chemical and electronic properties 
of the metal-semiconductor (MS) interface formed following the electroless deposition 
of gold onto CdZnTe with a comparison to contacts formed by sputter deposition. The 
techniques include atomic force microscopy (AFM), scanning electron microscopy 
(SEM), focused ion beam (FIB) cross section imaging, energy-dispersive X-ray 
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spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and current-voltage (IV) 
measurements. Small pixel detectors have also been fabricated and bonded to the 
HEXITEC ASIC to allow spectroscopic measurements to be made. 
The above techniques have been used to investigate the effects of surface preparation, 
deposition method and deposition parameters on the performance of gold metal contacts 
on CdZnTe. The depth of analysis, borne from the complementary nature of the 
techniques used, has furthered the understanding of the interface formed between gold 
and CdZnTe and how this affects the final detector imaging and spectroscopic 
performance. 
1.4 Thesis outline 
The current introductory chapter has included a review of current X-ray imaging 
technology and has established the arguments for pursuing CdZnTe technology. The 
remainder of the work is structured as follows: Chapter 2 will review the pertinent theory 
that underpins radiation detection, from the interaction of radiation with matter to 
fundamental semiconductor physics. The experimental methods and techniques utilised 
during the current work will be described in Chapter 3. Results from the characterisation 
of commercially available CdZnTe detectors will be presented in Chapter 4. An 
overview of efforts at RAL to develop and refine the contact deposition and detector 
fabrication processes is included in Chapter 5. Finally, a comparison between contacts 
formed by sputter and electroless deposition is presented in Chapter 6 before conclusions 
and suggestions for future work are detailed in Chapter 7.  
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2. Detector Physics 
In this chapter the pertinent theory relating to the operation of CdZnTe radiation detectors 
will be introduced. This includes the primary mechanisms by which X/γ-rays interact with 
matter, the theory of semiconductor materials and charge transport. Further details on 
detector electronics can be found in Appendix B: Detector Electronics. 
2.1 Interaction of X/γ-rays with matter 
Photons can interact with matter by several mechanisms. These interactions vary from 
elastic and inelastic scattering to full absorption and account for the attenuation that a flux 
of photons will experience as it traverses a medium. The interaction mechanisms of 
interest for the detection of X/γ-rays in the keV-MeV energy range are the photoelectric 
effect, Compton scattering and pair production [39]. The cross sections associated with 
each process varies with the atomic number Z of the target material and the energy of the 
incident photon E. The dependency of the cross section on these two variables is different 
for the three mechanisms and there are three distinct Z-E regions where a different 
mechanism dominates. This is illustrated in Figure 2.1. Rayleigh elastic scattering is 
another important interaction mechanism. Elastic scattering does not lead to energy 
deposition within the target material and cannot be used directly for radiation detection. 
However it does contribute to the attenuation of an X-ray beam and is an important 
mechanism for X-ray analysis applications. 
 
Figure 2.1 – A schematic plot showing dominant interaction mechanism as a 
function of photon energy and atomic number of the absorber [92]. 
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2.1.1 Attenuation of X/γ-rays 
The cross sections for the photoelectric effect τ, Compton scattering σ and pair production 
κ combine to form the linear attenuation coefficient μ. More frequently quoted is the mass 
attenuation coefficient μ/ρ, as it is independent of the material density ρ. The mass 
attenuation coefficient is defined by Equation 2.1 and is plotted in Figure 2.2 for 
CdZnTe. 
𝜇
𝜌
= 𝜌(𝜏 + 𝜎 + 𝜅)  Equation 2.1 
 
Figure 2.2 – The contributing and total attenuation coefficients for CdZnTe 
as a function of incident photon energy [93]. Coherent Rayleigh scattering is 
excluded as its contribution to the total attenuation is minimal and is not of 
interest for X/γ-ray detection. The discontinuities present in the plot are 
photoelectric absorption edges and result from an enhanced interaction 
probability at specific energies related to the different electron shells of 
elements present in the material. The highest energy edge belongs to the K-
shell of tellurium. 
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The mass attenuation coefficient is used in the Beer-Lambert law, Equation 2.2, to 
calculate the transmitted intensity I of a beam of photons incident on a material. Where 
I0 is the initial intensity and t is the material mass-thickness in units of g.cm
-2.  
𝐼 = 𝐼0exp [−
𝜇
𝜌
𝑡]   Equation 2.2 
2.1.2 Photoelectric effect 
The photoelectric effect will dominate for X/γ-rays with energies around 100 keV 
interacting with CdZnTe. This process involves the complete absorption of the photon by 
an atom in the target material. The absorption leaves the atom in a highly excited state. 
The atom will de-excite through the ejection of an orbital electron, typically from the K-
shell. The kinetic energy of the ejected photoelectron will equal the incident photon 
energy less the electron binding energy. A 60 keV photoelectron will have a range of ~ 
20 μm in CdZnTe [39, 94]. Over this length, the photoelectron will deposit its energy 
through the ionisation of electrons and formation of electron-hole pairs (EHP). The cross 
section for photoelectric interaction τ of a photon of energy Eγ with a material with atomic 
number Z is defined by Equation 2.3 [39]. 
𝜏 ≈ c ×
𝑍n
𝐸𝛾
3 where 
c = A constant 
n ≈ 4 to 5 
Equation 2.3 
Photoelectric interaction is only possible with atomic electrons and not free electrons due 
to the requirement for momentum to be conserved. The ejection of the photoelectron will 
leave the atom with a vacancy. This vacancy will rapidly be filled by either rearrangement 
of outer shell electrons or from free electrons in the medium. The atom will still be in an 
excited state after this rearrangement and will de-excite though emission of either a 
characteristic X-ray or Auger electron. A characteristic X-ray has an energy equal to the 
difference between the initial and final states of the electron that has occupied the vacancy 
left by the photoelectron emission. This energy is characteristic of the particular electron 
orbitals of the element and may be used as a ‘fingerprint’ of the element. Alternatively an 
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Auger electron will be ejected from the atom after being transferred the excitation energy 
of the atom. The relative yields of X-ray and Auger emissions vary with atomic number 
as illustrated in Figure 2.3. For high Z-materials such as CdZnTe, X-ray emission is 
favoured. 
 
Figure 2.3 – A plot showing the relative yield of Auger (circles) and k-shell 
X-ray (squares) emissions as a function of atomic number Z [95]. Image          
© AIP. 
2.1.3 Compton scattering 
For X/γ-rays with energies > ~ 250 keV, Compton scattering is the most important 
interaction mechanism within CdZnTe (as illustrated in Figure 2.1 and Figure 2.2) [39]. 
Compton scattering is the process by which a photon will impart a fraction of its energy 
to an electron in the target material. The electron will recoil and the incident photon will 
be inelastically scattered through an angle θ, as illustrated in Figure 2.4.  
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Figure 2.4 – A schematic illustration of Compton scattering [96]. Image         
© Philippe Cattin. 
Unlike the photoelectric effect, Compton scattering does not result in the full absorption 
of the incident photon energy. This is problematic for spectroscopic measurements. The 
full energy of the original photon can only be retrieved if the scattered photon 
subsequently interacts via the photoelectric effect within the detector volume and does 
not escape. Multiple Compton scattering events followed by photoelectric absorption is 
also possible. The cross section for Compton scattering σ is linearly proportional to Z and 
the energy of the scattered photon E′γ is related to the scattering angle θ by Equation 2.4.  
𝐸𝛾
′ =
𝐸𝛾
1 + [(
𝐸𝛾
m0c2
) (1 − cos𝜃)]
 
 Equation 2.4 
The maximum energy transferred to the recoil electron occurs at θ = 180°, or head on. 
The energy of the scattered photon in this example will have an energy defined by 
Equation 2.5. 
𝐸𝛾
′ =
𝐸𝛾
1 + (
2𝐸𝛾
m0c2
)
 
for 𝜃 = 180° Equation 2.5 
where m0c
2 = Electron rest mass =  511 keV 
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2.1.4 Pair production 
A photon with sufficient energy in the Coulomb field of a nucleus may form an electron-
positron pair. The photon requires an energy greater than the rest mass of an electron-
positron pair (1.02 MeV) for this process to occur. The cross section for pair production 
κ varies approximately with Z2 and increases rapidly with energy above the electron-
positron rest mass threshold [39]. At energies greater than ~ 10 MeV, pair production 
becomes the dominant interaction mechanism of photons with CdZnTe. 
The original photon energy, less the electron-positron rest mass, is shared equally 
between the two charged particles created during pair production. The electron will have 
a short path length in CdZnTe and is likely to fully deposit its energy close to the initial 
interaction point. The positron will create a similar energy deposition path, close to the 
initial interaction point, but will eventually annihilate with an electron once slowed to 
near-thermal energies. The annihilation event will produce two 511 keV photons, emitted 
at 180° to each other to conserve momentum. 
2.2 Semiconductor physics 
The interaction of energetic radiation with matter results in the release of charge carriers. 
This is exploited in the case of semiconductor radiation detectors to register and record 
the interaction event. The speed, reliability and accuracy of this measurement are 
dependent on the sensor material properties. In the following section the pertinent physics 
underpinning semiconductor behaviour will be discussed. 
2.2.1 Charge transport 
The charge transportation properties of a semiconductor are of fundamental importance 
if a meaningful signal is to be retrieved. Mobility µ and lifetime τ are the properties of 
most interest. Detector grade CdZnTe typically achieves µ values of ~ 1,000 cm2.V-1.s-1 
for electrons and 50 cm2.V-1.s-1 for holes [13, 97-99]. This level of performance is 
substantially lower than that of silicon (µn/p = 1,500/450 cm
2.V-1.s-1) or germanium       
(µn/p = 3,900/1,900 cm
2.V-1.s-1). The reasons and implications of this are explained in the 
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following section. The µτ product is a convenient ‘figure of merit’ when comparing 
CdZnTe material. The plot presented in Figure 2.5 shows the evolution of µτ for a range 
of CdZnTe manufacturers over the last decade. 
 
Figure 2.5 – The progression of µτ for a range of CdZnTe manufacturers over 
the last decade [99]. Image © IEEE. 
A charge carrier moving through a semiconductor will be subjected to scattering which 
will limit the carrier velocity. The mean free time τc between scattering events is 
determined by the probabilities of the various possible scattering mechanisms. These 
mechanisms include polar-optical, potential-acoustic, impurity and alloying interactions. 
Polar-optical scattering occurs when a free charge carrier interacts with an optical phonon 
associated with the crystal polarity. Potential-acoustic scattering occurs when a free 
charge carrier interacts with an acoustic phonon associated with the thermal vibrations of 
the crystal lattice. Impurity scattering occurs when a free charge carrier interacts with a 
charged impurity or crystal defect. Finally, alloy scattering occurs when the crystal lattice 
potential is perturbed by the random lattice-positioning of ternary or greater alloy atoms.  
The mobility of a carrier within a particular material is defined as the ratio of its drift 
velocity to the applied electric field; as such, the crystal structure (i.e. sources of 
scattering) can be directly correlated to the mobility of the carriers. The ternary compound 
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nature of CdZnTe and non-perfect production methods result in increased scattering when 
compared with elemental germanium or silicon and a reduced mobility. Successive 
trapping/detrapping also contributes to an effective reduction in mobility which is 
especially problematic for hole mobility in CdZnTe. Holes have a greater effective mass 
compared with electrons in CdZnTe and as a result have a significantly lower mobility. 
Poor hole mobility leads to a degradation of spectral resolution when the collection of 
holes is relied upon. The various scattering mechanisms and the effects of 
trapping/detrapping are illustrated in Figure 2.6 for electrons and holes [39, 97, 100, 101]. 
 
Figure 2.6 – The various scatter-limited mobility contributions for electrons 
(LHS) and holes (RHS) in CdZnTe [100]. Contributions include ionised 
impurity (µio), polar-optical (µpo), potential-acoustic (µac), and alloying (µal), 
which combine to form the overall scatter-limited mobility (µo). Correction 
for trapping and detrapping (µd) is required to explain the experimental data 
(circle data points). Images © IEEE. 
There are several mechanisms which act to remove charge carriers from the 
conduction/valence band. This loss of carriers will degrade the signal induced following 
a radiation interaction. The mechanisms include recombination and trapping, although 
trapping may be followed by detrapping within a sufficiently short time period to allow 
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the charge to contribute to the induced signal. Trapping and recombination and the source 
of these processes will be discussed in more detail in Section 2.2.2. The result of trapping 
and recombination is an effective lifetime τ, which must be long compared with the charge 
drift time if a full signal is too be collected. Often it is more convenient to consider the 
carrier drift length when analysing the transport properties of a semiconductor material. 
The carrier drift length λ determines the mean distance a carrier will travel within a 
semiconductor supporting an electric field E before it recombines or is trapped, and is 
defined by Equation 2.6 (assuming the saturation velocity has not been reached).  
𝜆𝑛,𝑝 = 𝜇𝜏𝐸 Equation 2.6 
If the carrier drift length is small compared with the physical dimensions of the detector, 
the charge released by a radiation interaction will not be fully collected. The relation 
stated in Equation 2.7 quantifies the charge collection efficiency (CCE) Q/Q0 in terms 
of the carrier drift length and is referred to as the Hecht equation [102]. 
CCE =
𝑄
𝑄0
=
𝑄(𝑥)
q𝑁0
=
𝜆𝑝
𝑑
(1 − exp [
−𝑥
𝜆𝑝
]) +
𝜆𝑛
𝑑
(1 − exp [
𝑥 − 𝑑
𝜆𝑛
]) Equation 2.7 
where 
𝑄 = Charge collected 
𝑄0 = Charge deposited 
q = Electronic charge 
𝑥 = Depth of interaction from cathode 
𝑁0 = Number of electron-hole pairs released 
𝑑 = Detector thickness 
Although the Hecht equation is based on several assumptions, namely a planar detector 
with infinite non-segmented contacts, operating with a uniform electric field with non-
saturated drift velocities, it provides a useful method for experimentally deriving the μτ 
product for each carrier. For electrons, this can be achieved by irradiating the cathode 
contact with radiation of known energy with a shallow penetration depth, such as 5.49 
MeV alpha particles from 241Am. The alpha particle will only penetrate ~ 20 μm into the 
detector, and as such, the signal induced on the opposing anode contact will be almost 
entirely dominated by the electron transport. The hole μτ product can be calculated by 
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irradiating the anode contact and measuring the signal induced on the cathode contact. 
This method allows the Hecht relation of Equation 2.7 to be approximated by a single 
carrier relationship, as specified by Equation 2.8. 
CCE ≈
𝜇𝜏𝐸
𝑑
(1 − exp [
−𝑑
𝜇𝜏𝐸
]) Equation 2.8 
The electron μτ product of CdZnTe detectors is routinely measured by fitting Equation 
2.8 to a plot of CCE as a function of electric field strength. This method can also be used 
to measure the hole μτ product for detectors with reasonable hole transport properties. If 
the hole μτ product is very low, the signal induced by the hole transport will be too 
weak/unreliable to effectively extract the μτ product. The assumptions stated previously 
regarding uniform electric field may not be valid for all applications; this may require the 
form of the equation to be modified [97, 98, 100].  
2.2.2 Crystal defects and impurities 
A crystal is defined by the regular arrangement and spacing of its constituent atoms. 
Crystalline materials such as CdZnTe are subject to a variety of impurities and defects 
that perturb the regular arrangement. This disruption to the crystal can be on a zero 
dimensional scale, such as a point defect, up to a 3D, macroscopic scale, such as a void. 
Defects that run along a line or plane through the crystal are considered 1D and 2D defects 
respectively.  
One and three dimensional defects often affect the mechanical properties of a crystal.   
Under mechanical stress it is the linear dislocation defects within the crystal that will most 
likely yield to form a deformation. The most common dislocation defects found in 
compound semiconductors are screw and edge defects (see Figure 2.7). Imperfect crystal 
growth or thermally and mechanically induced stresses are common sources of such 
defects.  
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Figure 2.7 – Schematic illustrations of (a) screw and (b) edge dislocations 
[103].   
Point defects exist where the regular arrangement and spacing of the crystal is distorted 
by the presence or not of a single atom. This could be (i) a vacancy at a lattice position 
that would ordinarily be occupied by an atom. (ii) The presence of an atom between 
normal lattice points creating an interstitial. Or (iii) an atom occupying a lattice position 
normally occupied by a different atom; a substitution. If the substitution involves another 
atom from the compound rather an impurity atom (i.e. a tellurium atom occupying a 
cadmium lattice position), this is referred to as an antisite. Examples of the different point 
defects are illustrated in Figure 2.8. 
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Figure 2.8 – Schematic illustrations of different point defects. (a) Ideal 
lattice, (b) interstitial impurity, (c) and (d) vacancies, (e) and (f) substitutions 
and (g) and (h) antisites [104]. Image © Andrew Barron. 
Point defects may also affect the mechanical properties of a semiconductor; for instance, 
certain impurity atoms will distort the slip plane and embrittle the material. Typically 
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crystalline semiconductors are inherently brittle however their mechanical properties are 
of lesser concern when utilised as a radiation detector.   
2.2.2.1 Intrinsic and extrinsic semiconductors 
Impurities and crystal defects within a semiconductor crystal may be neutral or may act 
as a donor or acceptor. A donor/acceptor impurity or defect is defined by a surplus/deficit 
of outer shell electrons compared with the number of electrons required to form a stable 
bond with the surrounding atoms. A neutral impurity or defect has exactly the right 
number of electrons to form a stable bond. The presence of impurities and defects within 
a semiconductor crystal will create local perturbations in the lattice potential wave 
function. The addition of Zn to CdTe to form Cd1-xZnxTe is an example where the 
impurity is found throughout the crystal in sufficient concentration to completely alter the 
lattice potential and change the material’s bandgap. Localised or lower concentration 
impurities and defects will introduce energy levels within the bandgap which act to shift 
the Fermi level EF away from mid-bandgap EG/2. These are referred to as trapping levels 
and are defined relative to the conduction band for donors or the valence band for 
acceptors. The Fermi level is a hypothetical energy level at which there is a 50% 
probability of occupation under thermodynamic equilibrium conditions. If the Fermi level 
is shifted towards the conduction band EC, then electron conduction will dominate and 
the material will become n-type. If the Fermi level is shifted towards the valence band 
EV, hole conduction will instead dominate and the material will become p-type. 
Semiconductors that contain trapping levels are referred to as extrinsic semiconductors. 
Pure semiconductors free of trapping levels are referred to as intrinsic semiconductors. 
The different types of semiconductor are illustrated in Figure 2.9. 
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Figure 2.9 – Schematic band diagrams showing (a) intrinsic, (b) extrinsic      
n-type and (c) extrinsic p-type semiconductors [105]. Image                                    
© www.porous-35.com. 
Conduction in an intrinsic semiconductor requires electrons to be thermally excited across 
the bandgap into the conduction band, leaving behind a hole in the valence band. 
Increasing temperature and decreasing bandgap increase conductivity. For an intrinsic 
semiconductor, the Fermi level, defined by Equation 2.9, is located close to the centre of 
the bandgap.  
𝐸𝐹 =
𝐸𝐺
2
+
kB𝑇
2
ln (
𝑁𝑉
𝑁𝐶
) Equation 2.9 
This results in an equal concentration of electrons in the conduction band n, given by 
Equation 2.10, and holes in the valence band p, given by Equation 2.11. Where NC and 
NV are the effective density of states in the conduction and valence bands respectively, kB 
is the Boltzmann constant and T is the temperature.  
𝑛 = 𝑁𝐶exp (
𝐸𝐹 − 𝐸𝐺
kB𝑇
) Equation 2.10 
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𝑝 = 𝑁𝑉exp (
−𝐸𝐹
kB𝑇
) Equation 2.11 
It is extremely difficult to grow large volume, pure and defect free intrinsic 
semiconductors. Impurities from the feed stock and growth chamber, lattice mismatches 
with the substrate and thermal gradients across the crystal will often lead to impurities 
and defects in the as-grown material. Extrinsic semiconductors may be deliberately doped 
with donors or acceptors to compensate the as-grown material and bring the Fermi level 
back towards mid-bandgap and increase resistivity. This, along with the most common 
source of traps within CdZnTe will be discussed further in Section 2.2.2.4. 
2.2.2.2 Trapping and recombination 
Trapping levels within CdZnTe have a major impact on carrier transport properties. Deep 
traps act as recombination centres where electrons from the conduction band and holes 
from the valence band meet and effectively annihilate. Alternatively, it could be viewed 
that the electron is following a two-step process to move from the conduction band to 
occupy a vacancy in the valence band, or vice-versa. This is referred to as Shockley-Read-
Hall (SRH) recombination and may also act in reverse as a generation centre. The possible 
trap-assisted processes associated with SRH recombination and generation are illustrated 
in Figure 2.10 [106, 107]. The result of recombination is a reduction in the photocurrent 
and CCE. 
 
Figure 2.10 – The recombination and generation processes associated with 
deep trapping levels. Blue and red arrows indicate movement of electron and 
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holes respectively. (i) Hole emission: Electron moves from valence band to 
trap. (ii) Hole capture: Electron moves from trap to valence band. (iii) 
Electron emission: Electron moves from trap to conduction band. (iv) 
Electron capture: Electron moves from conduction band to trap. 
The SRH recombination rate RSRH for a trap with energy ET and electron and hole trapping 
lifetimes τn and τp, is defined by Equation 2.12 [106].  
𝑅𝑆𝑅𝐻 =
𝑛𝑝 − 𝑛𝑖
2
𝜏𝑝(𝑛 + 𝑛1) + 𝜏𝑛(𝑝 + 𝑝1)
 
where 
𝑛𝑖
2 = 𝑛1𝑝1 
𝑝1 = 𝑁𝑉exp (
−𝐸𝑇 + 𝐸𝑉
kB𝑇
) 
𝑛1 = 𝑁𝐶exp (
𝐸𝑇 − 𝐸𝐶
kB𝑇
) 
Equation 2.12 
This form of the SRH equation is suitable for regions of space charge and high injection; 
i.e. following X-ray irradiation. It is possible for an acceptor or donor to trap both 
electrons and holes, with the ionisation state determining the ‘preference’ of the trap 
[101]. When a donor (acceptor) is ionised it will carry a charge of +1 (-1) and will trap 
electrons (holes). When it is neutral, it will trap holes (electrons). The trapping lifetime 
of electrons and holes associated with a deep donor (acceptor) are given by Equation 
2.13 (Equation 2.14), where ND
+ and ND
0 (NA
- and NA
0) are the concentrations of ionised 
and non-ionised donors (acceptors), σn and σp are the cross sections for electron and hole 
capture, Vth is the thermal velocity and ni is the intrinsic carrier concentration. 
𝜏𝑛 = (𝜎𝑛𝑣𝑡ℎ𝑁𝐷
+)−1 and 𝜏𝑝 = (𝜎𝑝𝑣𝑡ℎ𝑁𝐷
0)
−1
 for donors Equation 2.13 
𝜏𝑛 = (𝜎𝑛𝑣𝑡ℎ𝑁𝐴
0)−1 and 𝜏𝑝 = (𝜎𝑝𝑣𝑡ℎ𝑁𝐴
−)
−1
 for acceptors Equation 2.14 
As CdZnTe is a direct bandgap semiconductor, band-to-band transitions are also possible 
[108, 109]. Band-to-band recombination processes include radiative and Auger. Whereas 
SRH recombination involves the emission of phonons to dissipate excess energy, 
radiative and Auger recombination involve the emission of photons and Auger electrons 
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respectively. Band-to-band transitions followed by phonon emission are heavily 
suppressed due to the large number of phonons that would be required. Likewise, band-
to-band transitions in indirect bandgap semiconductors that require simultaneous photon 
and phonon emission are suppressed due to the requirement to conserve momentum. The 
net lifetime τrecombination resulting from the individual lifetimes of the different 
recombination processes, τSRH, τAuger, and τradiative, is defined by Equation 2.15.  
1
𝜏𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
=
1
𝜏𝑆𝑅𝐻
+
1
𝜏𝐴𝑢𝑔𝑒𝑟
+
1
𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒
 Equation 2.15 
The relative importance of SRH recombination increases with the concentration of 
defects. This means SRH recombination is the dominant process within CdZnTe and 
particularly at the crystal surfaces.  
Following the interaction of an X/γ-ray within CdZnTe, the photogenerated charge 
carriers separate and drift towards opposing contacts. As the difference in localised 
concentration of the majority and minority carriers increases, the probability of 
recombination at deep traps is reduced. This is due to de-trapping of the majority carriers. 
The de-trapping or residence lifetime, τr, is defined by Equation 2.16, where the trap 
energy, ET, is relative to the valence (if acceptor) or conduction band (if donor).  
𝜏𝑟
𝑛 = 𝜎𝑛𝑣𝑡ℎ𝑁𝐶exp (
−𝐸𝑇
kB𝑇
) and 𝜏𝑟
𝑝 = 𝜎𝑝𝑣𝑡ℎ𝑁𝑉exp (
−𝐸𝑇
kB𝑇
) Equation 2.16 
Even without recombination, the residence lifetime of a deep trap may be long enough to 
impede full collection of the photocurrent following a radiation interaction within the 
integration time of the detector. This will reduce the CCE of the detector.  
Photocurrent trapped by shallow levels will be promptly re-emitted. For CdZnTe, this 
generally allows the full electron photocurrent to be collected within the integration time 
of the detector. The poor mobility of holes in CdZnTe leaves them susceptible to multiple 
trapping/de-trapping by shallow levels. This results in a reduction in their net mobility, 
referred to as trap-limited mobility µTL. For a single trap of concentration NT, the trap-
limited mobility is defined by Equation 2.17. Where µ0 is the mobility due to scattering. 
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𝜇𝑇𝐿 = 𝜇0 [1 +
𝑁𝑇
𝑁𝐶,𝑉
exp (
𝐸𝑇
kB𝑇
)]
−1
 Equation 2.17 
2.2.2.3 Resistivity 
A low free-carrier concentration is essential if a semiconducting material is to be used as 
a radiation spectrometer. Free-carriers within a semiconductor provide a background 
current to any photocurrent released during a radiation interaction. This current, referred 
to as dark current, introduces noise that will reduce the spectral resolution of the detector, 
or if sufficiently high, completely obscure the radiation signal and impede measurement. 
When comparing semiconductors, it is often the resistivity ρ rather than free carrier 
concentration that is quoted. Resistivity is defined by Equation 2.18, where n (p) is the 
concentration of electrons (holes) and μn(p) is the mobility of electrons (holes). Resistivity 
is the inverse of conductivity.  
𝜌 =
1
q(𝑛𝜇𝑛 + 𝑝𝜇𝑝)
 Equation 2.18 
In steady state conditions there will be an equilibrium concentration of free carriers due 
to thermal excitation. Cooling the material will reduce this concentration and increase the 
resistivity. For narrow bandgap semiconductors such as germanium, cryogenic cooling is 
required to adequately reduce the free carrier concentration and allow spectroscopic 
measurement of radiation. Wide bandgap semiconductors such as Cd(Zn)Te do not 
require this degree of cooling and are considered to be ‘room temperature’ radiation 
detectors. In practise Cd(Zn)Te detectors are moderately cooled (260 to 300 K) to remove 
the heat dissipated by the detector electronics, provide a stable operating temperature and 
modestly improve detector performance by reducing leakage current.  
Another method of increasing resistivity is to widen the material bandgap. This is the 
motivation behind alloying CdTe with ZnTe to form Cd1-xZnxTe [15]. The bandgap of 
Cd1-xZnxTe, with a zinc fraction of x, is defined by the empirical relationship of Equation 
2.19 [110].  
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𝐸𝑔(𝑥) = 1.510 + 0.606𝑥 + 0.139𝑥
2 eV Equation 2.19 
The increase in bandgap also increases the electron-hole pair (EHP) creation energy, 
reducing the number of carriers released during a radiation interaction. The statistical 
noise associated with the number of carriers will as a result increase and degrade the 
spectral resolution. 
2.2.2.4 Compensation of defects and impurities 
It is very difficult to grow large volume high-purity Cd(Zn)Te, meaning that the presence 
of defects and impurities in the as-grown material is inevitable [22, 27, 111]. Despite this, 
the as-grown material is often found to have high resistivity [27, 112]. This has been 
attributed to self-compensation of intrinsic defects and impurities [13, 101, 113, 114]. 
Generally as-grown CdTe and CdZnTe material still require intentional doping to further 
increase resistivity and improve charge transport properties by compensating the intrinsic 
defects and impurities [34, 115, 116]. Chlorine is a common donor dopant for THM 
grown CdTe [115]. It is thought that the chlorine atoms substitute for tellurium and 
compensate cadmium vacancies by forming a complex [117]. The small segregation 
coefficient of chlorine allows a uniform distribution through the crystal to be achieved 
during growth [118]. Indium is a common donor dopant for THM grown CdZnTe and 
compensates in a similar manner to chlorine in CdTe [34].  
No agreed model exists to fully explain the compensation of intrinsic defects, impurities 
and dopants. It has been argued that direct compensation between shallow levels is 
unlikely to explain the compensation observed in Cd(Zn)Te [119-122]. The concentration 
of net donors and acceptors would need to match within ~ 108 cm-3 [113, 123], which is 
difficult to achieve with current growth methods. A recent model proposed by Biswas et 
al. (2012) [124] suggested that compensation between shallow levels may be possible 
over a range broad range of concentration through a shift in the mechanism of 
compensation as the dopant concentration changes. The alternative is the presence of 
some deep level(s) which acts to pin the Fermi level close to mid-bandgap [125, 126]. 
The plot shown in Figure 2.11 demonstrates how a deep level, near mid-bandgap, can 
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provide high resistivity over a broad range of concentrations. This compares with a 
shallow level which provides high resistivity only when the concentration exactly 
matches the concentration of the shallow acceptors (at 1016 cm-3 in this example). 
 
Figure 2.11 – An example of a CdTe compensation scheme plot [113]. The 
material is assumed to have a shallow net abundance of acceptors of             
1016 cm-3 and a deep donor with varying concentration. Three different 
energies of the deep donor are investigated; 0.75 eV (circles), 1.35 eV 
(triangles) and 0.20 eV (diamonds). Image © AIP. 
The identity of the deep level, or series of levels, which is proposed as being responsible 
for the pinning of the Fermi level is the subject of much conjecture. Marfaing et al. (1977) 
[125] suggested that the formation of acceptor complexes may be the source of the Fermi 
pinning. It was argued that the doping of CdTe with shallow donors such as In or Cl 
(designed to compensate the shallow acceptors), should not have the tolerance for over 
doping that it displayed. The formation of donor-vacancy complexes, referred to as        
‘A-centres’ [119, 120, 127], was proposed as the explanation for this tolerance. 
Agrinskaya et al. (1989) [126] found a deep acceptor at EV + 0.95 eV, and a band of levels 
at EV + (0.5 to 0.8) eV. It was proposed that the deep acceptor was a cadmium vacancy, 
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and responsible for pinning the Fermi level, and that the band of levels were associated 
with donor-VCd pairs (A-centres). A widely cited energy for the doubly ionised cadmium 
vacancy (VCd
2-) in CdTe is EV + 0.47 eV, which was derived using electron paramagnetic 
resonance (EPR) by Emanuelsson et al. (1993) [128]. Using thermoelectric effect 
spectroscopy (TEES) and thermally stimulated current (TSC) measurements, Szeles et al. 
(1997) [111] found an acceptor level in CdZnTe at EV + 0.43 eV, which they assigned to 
the VCd
2- defect. The energy of this defect was in good agreement with Emanuelsson          
et al. 
Previously Eiche et al. (1995) [119] proposed that a deep donor at EC – 0.75 eV, measured 
by photoinduced current transient spectroscopy (PICTS), was responsible for the Fermi 
pinning. Based on theoretical calculations [129] and experience with GaAs, Eiche et al. 
identified the deep donor to most likely be the tellurium antisite TeCd. A study by Fiederle 
et al. (1998) [113] provided support for the TeCd identity. It was pointed out that the low 
abundance of impurities would suggest that an intrinsic defect must be involved, and 
considering the Te-rich conditions during growth, it would be sensible to consider 
tellurium interstitials and antisites. Of these features, the TeCd has the lowest defect energy 
and the binding behaviour of Te-Cd and Te-Te are similar ensuring stability for the 
antisite. 
The varying growth procedures, zinc concentrations and dopants mean that a single 
compensation scheme would unlikely be common to all CdZnTe samples. The dynamic 
nature of trapping levels makes identification of a specific level a complicated task and 
many authors have simply relied on the literature. With these considerations in mind, it 
is unsurprising that a consensus has not been reached. 
2.2.3 Metal-semiconductor interface 
Metal contacts on semiconductors are required if the semiconductor is to be used as an 
electronic component, or in the case of CdZnTe, as a radiation detector. Predicting the 
response of a particular contact is problematical. Complicated models have been 
developed in an attempt to generalise the behaviour of a metal-semiconductor interface 
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[130] but the application of these models to real systems remains challenging. This is 
because of the many factors that affect the electronic response of the metal-semiconductor 
junction, such as choice of metal, the method of deposition, the state of the crystal surface 
and bulk, and the presence of interfacial layers or contamination. What follows is a review 
of the basic physics underpinning the function of a metal-semiconductor interface. 
Ideal metal contacts deposited on a semiconductor will form either a rectifying or Ohmic 
contact. A rectifying contact is one where electrons (holes) transfer from the n-type         
(p-type) semiconductor to the metal to achieve equilibrium between the metal and 
semiconductor. The charge carriers continue to transfer to the metal until the Fermi levels 
on both side of the junction are equal. The transfer of charge creates a depletion region at 
the surface region of the semiconductor. An Ohmic contact is one where electrons (holes) 
transfer from the metal to the n-type (p-type) semiconductor to achieve equilibrium 
between the metal and semiconductor. The charge carriers continue to transfer to the 
semiconductor until the Fermi levels on both side of the junction are equal. The transfer 
of charge does not create a depletion region in the semiconductor. The rectifying/Ohmic 
nature of the contact is determined by the work functions of the metal and the 
semiconductor and the n- or p-type nature of the semiconductor. If the metal work 
function is greater than the semiconductor work function (ΦM > ΦS) the contact will be 
rectifying on n-type and Ohmic on p-type. If the metal work function is smaller than the 
semiconductor work function (ΦM < ΦS) the contact will be Ohmic on n-type and 
rectifying on p-type. Rectifying and Ohmic contacts on n- and p-type semiconductors are 
illustrated in Figure 2.12. In all four examples a voltage-independent potential barrier 
(Schottky barrier) will exist which impedes the transfer of charge from the metal to the 
semiconductor. Doping, surface states and image force lowering may all contribute to 
lowering the effective height of this barrier. A barrier may also exist impeding the transfer 
of charge from the semiconductor to the metal (collection barrier). The collection barrier 
for electrons (holes) is effectively removed by applying a sufficient positive (negative) 
bias to the metal contact. 
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Figure 2.12 – A schematic illustration of rectifying and Ohmic contacts 
formed on n- and p-type semiconductors [131]. Image © Dominic Pearman. 
The electronic behaviour of high resistivity CdZnTe detectors is often described with 
reference to the band structure of a simple metal-semiconductor-metal configuration 
(MSM). This approach considers the work function of the metal contacts and the 
semiconductor, and the bias and polarity. What follows is a description of how the leakage 
and photo-currents are affected when gold is the contact metal; i.e. when the work 
function of the metal, ΦM, is greater than that of the semiconductor ΦS. This is typically 
the case for gold contacts on high resistivity Cd1-xZnxTe where the Fermi level is pinned 
near mid-bandgap (Eg=1.57/2 eV for x=0.1 [110]) due to the compensation of acceptors 
and donors [13]. The band diagrams given in Figure 2.13 illustrate how the Fermi levels 
across a MSM system will equalise as thermal equilibrium is reached.  
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Figure 2.13 – A schematic illustration of the electronic band structure of a 
MSM configuration with ΦM > ΦS, (a) as the contacts are brought into contact 
with a semiconductor before thermal equilibrium is reached and (b) once 
thermal equilibrium is reached [132]. Initially the semiconductor Fermi level 
is assumed to be pinned at or close to mid-bandgap. Image © SPIE. 
It is the contact potential ϕ that must be overcome for a charge carrier to migrate across 
the junction. The contact potentials as defined by the Schottky-Mott (S-M) theory, ϕn and 
ϕp, experienced by electrons and holes are given by Equation 2.20 and Equation 2.21 
respectively, where χ is the electron affinity of the semiconductor [133, 134].  
𝜙𝑛 = Φ𝑀 − 𝜒 Equation 2.20 
𝜙𝑝 = 𝜒+(𝐸𝐶 − 𝐸𝑉) − Φ𝑀 Equation 2.21 
The application of a bias to one of the contacts will shift the Fermi level relative to the 
other contact. The Fermi level of the positive contact will be lower than that of the 
negative contact. This new band structure is illustrated in Figure 2.14 for low and high 
bias conditions. There are several important conclusions that can be drawn from the 
analysis up to this point: firstly, as the bias increases, the barrier experienced by 
photoelectrons (blue circles) at the anode decreases. At high bias, the anode effectively 
becomes an Ohmic contact for electrons, improving the collection and detector 
performance. Secondly, a voltage independent barrier is formed at the cathode limiting 
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the electron dark current flowing into the semiconductor from the cathode, i.e. reverse 
bias Schottky contact. Thirdly, photoholes (red circles) are collected freely by the cathode 
with no impeding barrier, i.e. Ohmic. Finally, holes experience a voltage independent 
Schottky barrier at the anode thus limiting the hole dark current. Although the high 
resistivity CdZnTe may be slightly n- or p-type, the nature of the leakage current will 
depend on the relative heights of the electron and hole barriers. 
 
Figure 2.14 – A schematic illustration of the electronic band structure of a 
MSM configuration with ΦM > ΦS, under (a) low bias conditions and (b) high 
bias conditions [132]. The barrier heights for different processes are shown 
to vary with applied bias. The green arrows indicate incident photons, which 
release photoelectrons (blue circles) and photoholes (red circles). Image         
© SPIE. 
Detector grade Cd(Zn)Te is grown with a zinc blende crystal structure, as illustrated in 
Figure 2.15. This structure can be aligned in a number of orientations, making it possible 
to deposit the metal contacts on different crystal planes. Cd(Zn)Te radiation detectors are 
generally operated in the (111) orientation [48, 132]. The (111) orientation has two 
surfaces; the (111)A cadmium termination face and the (111)B tellurium termination face. 
The (111) crystal orientation of Cd(Zn)Te is illustrated in Figure 2.15. The (111) aligned 
crystal has an innate polarity due to the electronegativity of cadmium being lower than 
that of tellurium, which leads to electrons associated with cadmium at the Cd-face 
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migrating to the tellurium at the Te-face [135]. It has been argued that CdZnTe detectors 
should be operated with the (111)A Cd-face of the crystal as the anode and the (111)B 
Te-face as the cathode as this configuration produces superior energy resolution [132].  
 
Figure 2.15 – Schematic illustrations of (a) the zinc blende unit cell [136] 
and (b) the Cd and Te terminations in (111) orientated Cd(Zn)Te [137]. The 
orientation coordinates are a simple (x,y,z) system with the origin at the base 
of the broken arrow of (a). Image (b) © Elsevier. 
The explanation presented until now has assumed ideal, symmetric gold contacts on the 
two (111) faces of the CdZnTe crystal. In reality, the surface preparation prior to gold 
deposition and the choice of deposition method will have a significant impact on the final 
barrier heights of the contacts due to the formation of oxides, dead layers or the presence 
of contaminants. Changes in temperature and flux may also have an effect on the electrical 
behaviour due to band bending [138, 139]. In the case of electroless gold deposition, the 
formation of an oxide layer is primarily a by-product of the actual deposition process, 
rather than some prior surface preparation. To understand how the electrical performance 
of a real detector differs from the ideal theoretical case presented, it is first crucial to 
understand the real structure of the metal-semiconductor interface, or more specifically, 
the metal-oxide-semiconductor interface (MOS). This is the subject of the current work.  
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3. Experimental Methods 
Fabricating semiconductor radiation detectors and characterising their performance 
involves many different processes and techniques. Each stage of the fabrication may have 
many variables and each characterisation technique will provide different information. 
The experimental methods and techniques used in the current work to fabricate and 
characterise gold contacts on CdZnTe is the subject of this chapter. 
3.1 Crystal processing and detector fabrication 
A flowchart illustrating a simple CdZnTe detector fabrication process is presented in 
Figure 3.1.  
 
Figure 3.1 – A flowchart illustrating a typical CdZnTe detector fabrication 
process. 
The CdZnTe detectors investigated in the current study were grown and supplied pre-
fabricated by Redlen Technologies Inc. [29]. For most of the work presented it was 
necessary to remove the existing contacts and re-process the individual crystals. This 
typically required dicing the crystals into sub-samples, lapping to remove existing 
contacts and level the uneven cut-face, polishing to remove lapping damage and re-
deposition of contacts. 
3.1.1 Dicing 
A Logitech Ltd AWS1 wire saw, with a 200 μm diameter diamond-impregnated wire and 
ethylene glycol lubricant was used to dice individual crystals into sub-samples. The 
crystals were mounted with quartz wax and aligned using a digital micrometer. 
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3.1.2 Lapping and mechanical polishing 
Wire saw dicing of CdZnTe leaves a rough, heavily damaged and uneven surface that 
must be removed. A Logitech Ltd PM5 lapping/polishing wheel, with a 12” diameter 
glass plate and 3 μm alumina/de-ionised water slurry was used to lap the (111) aligned 
crystals. The crystals were mounted on 75 mm diameter pre-lapped glass carriers using 
quartz wax and the carriers were held in place with a vacuum chuck. A pressure of             
50 g.cm-2 was applied by adjusting the piston height on the mounting jig and the wheel 
rotated at 25 rpm. 
A lapped CdZnTe surface still contains significant crystal damage [140] that can 
detrimentally affect detector performance [141]. Mechanically polishing the crystal to a 
mirror finish with successively smaller grades of alumina slurry reduces this crystal 
damage. The glass lapping plate of the PM5 was replaced by an aluminium plate covered 
by a polyurethane polishing cloth. The crystals were polished with 0.3 then 0.05 μm 
alumina slurry, changing cloths between polishing stages to avoid contamination. The 
samples were mounted as before and a pressure of 100 g.cm-2 was applied, up to a 
maximum mass loading of 800 g, and the wheel rotated at 50 rpm.  
3.1.3 Chemo-mechanical polishing 
Bromine based chemo-mechanical polishing or chemical etching is used to remove the 
mechanical damage that remains in the near surface region after mechanical polishing 
[142]. Bromine preferentially reacts with cadmium due to the greater difference in 
standard potential ΔE0 of this reaction compared with the reaction with tellurium. As a 
result, bromine treatment of CdZnTe leaves a tellurium rich surface [143-146]. The two 
primary reactions which occur during bromine treatment of CdZnTe are given in 
Equation 3.1 and Equation 3.2. 
𝐵𝑟2 + 𝐶𝑑𝑆𝑢𝑟𝑓𝑎𝑐𝑒 → 2𝐵𝑟
− + 𝐶𝑑2+ ∆𝐸
0 = +1.47 V Equation 3.1 
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2𝐵𝑟2 + 𝑇𝑒𝑆𝑢𝑟𝑓𝑎𝑐𝑒 → 4𝐵𝑟
− + 𝑇𝑒4+ ∆𝐸
0 = +0.50 V Equation 3.2 
Passivation of the tellurium enriched surface is required to reduce the conductivity of 
metallic tellurium [147]. For a 0.2% bromine-in-methanol treatment, it has been 
demonstrated that passivation will occur in atmosphere over several weeks (see Figure 
3.2) [148]. Passivation may be accelerated with a number of different oxidising agents. 
Hydrogen peroxide is a commonly used passivation agent which has been shown to 
reduce the time required to form an oxide of ~ 1 nm from an order of 1,000 hr in 
atmosphere to an order of minutes [148]. The oxide thickness measured on bromine-in-
methanol treated CdZnTe after a 30 s passivation with 30% H2O2 as a function of bromine 
concentration is presented in Figure 3.3. As with Figure 3.2, the oxide depth was 
measured using angle-resolved X-ray photoelectron spectroscopy (ARXPS); this method 
is explained in further detail in Section 3.3.1. 
 
Figure 3.2 – Oxide thickness measured on 0.2% bromine-in-methanol treated 
CdZnTe as a function of exposure time in air [148]. The data have been fitted 
to a logarithmic function of the form d = a×ln(bt+c) where d is the oxide 
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thickness, t is the exposure time and a, b and c are fitting variables. Image     
© John Wiley & Sons. 
 
Figure 3.3 – Oxide thickness measured on bromine-in-methanol treated 
CdZnTe after H2O2 passivation as a function of bromine concentration [148]. 
Image © John Wiley & Sons. 
A Logitech Ltd CP4000 chemo-mechanical polishing unit with a glass wheel covered by 
a polyurethane polishing cloth was used to chemo-mechanically polish the CdZnTe 
crystals. The 1% bromine-in-methanol etchant was drip fed on to the polishing cloth at a 
constant rate for the duration of the 2 min chemo-mechanical polish. The reaction was 
terminated by rinsing the crystals with pure methanol. The crystals were mounted with 
quartz wax onto glass carriers and placed faced down on the polishing cloth. A PTFE 
template held the carrier in place and no additional pressure was applied other than the 
weight of the samples plus carrier. 
3.1.4 Cleaning 
After processing, the crystals were demounted from the glass carriers. This involved 
removing excess wax and slurry with non-solvent cleaning fluid and heating the substrate 
to melt the bonding wax.  
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A clean and residue free surface is required for the deposition of uniform metal contacts. 
Once removed from the substrate the crystals were cleaned in successive baths of non-
solvent cleaning fluid and acetone, using soft lens tissue to wipe clean the crystal surfaces. 
A final cleaning stage involved loading the crystals in a re-condensing Soxhlet chamber 
with iso-propanol and running continuously for several hours. Unlike wafers, single die 
must be clean up to the edge of the crystal. This is problematic during the handling of the 
crystal. To reduce manual handling and subsequent contamination of the crystals, custom 
PTFE clamps were designed and fabricated. An example is shown in Figure 3.4. 
 
Figure 3.4 – Computer aided design drawing of custom PTFE clamp used to 
handle single die crystals during processing. The crystal is placed in centre of 
clamp, butted against cross beams along two edges and held in place by PEEK 
screws along a third edge. 
3.1.5 Contact deposition 
Two methods of thin-film gold deposition were investigated during the current study; 
electroless and magnetron sputter deposition. Electroless deposition is a chemical process 
which involves submerging the CdZnTe crystal into a dilute gold chloride solution 
(HAuCl4 in H20/HCl). Alternatively the solution may be pipetted onto the crystal surface 
[149]. The deposition rate has been reported to follow a square-root power relationship 
with time [150]. This results in rapid initial rate of deposition, with a layer of gold visible 
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to the naked eye almost immediately. Eventually the gold layer thickness reaches a 
plateau due to self-termination of the reaction. The electroless reaction is dominated by 
the removal of cadmium rather than tellurium from the CdZnTe surface, due to the 
difference in standard potential of this reaction. The two competing reactions are stated 
in Equation 3.3 and Equation 3.4 [55].   
2𝐴𝑢𝐶𝑙4
− + 3𝐶𝑑𝑆𝑢𝑟𝑓𝑎𝑐𝑒 → 2𝐴𝑢𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 8𝐶𝑙
− + 3𝐶𝑑2+ Equation 3.3 
 ∆𝐸0 = +1.40 V  
4𝐴𝑢𝐶𝑙4
− + 3𝑇𝑒𝑆𝑢𝑟𝑓𝑎𝑐𝑒 → 4𝐴𝑢𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 16𝐶𝑙
− + 3𝑇𝑒4+ Equation 3.4 
 ∆𝐸0 = +0.43 V  
A tetrachloroauric(III) acid solution of 30% wt. HAuCl4 in dilute HCl was diluted to a 
ratio of 1:25 with DI water for the electroless deposition. The 1:25 ratio was chosen as it 
is the most common ratio reported in the literature [55, 56, 61], which enables the simplest 
comparison of results with other studies. A hot plate or ice bath was used to control and 
maintain the solution temperature. The crystals, pre-mounted in the PTFE clamps from 
the cleaning stage, were submerged in the solution for the required time and then removed 
and rinsed with deionised water to terminate the reaction. 
Sputter deposition is a form of physical deposition. A typical magnetron sputter coater 
consists of a vacuum chamber, sample stage, inert gas supply and target mounted below 
a strong magnet to increase the sputter rate. A schematic illustration of the operation of a 
sputter coater is given in Figure 3.5. The sample is loaded into the chamber and pumped 
down to ~ 10-4 mbar. The inert gas, typically argon, is bled into the chamber at low 
pressure and a DC bias is applied to the high purity gold cathode target. If the target was 
an oxide or insulator, an RF bias would be used to avoid charging. Free electrons within 
the chamber close to the cathode target will be accelerated away from the target but many 
will become trapped above the target within the magnetic field generated by the magnet 
behind the target. As the confined electrons travel along helical paths within the magnetic 
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field, they will eventually collide with and ionise neutral argon atoms. The resulting 
plasma will also be confined to the vicinity of the target, which will lead to an increased 
sputter rate. The positively charged ions in the plasma will be accelerated towards the 
target, with the resulting collisions ejecting gold atoms in all directions. As ~ 99% of the 
gold atoms are neutral, atoms ejected in the direction of the sample are likely to escape 
the plasma and deposit on the sample on impact to form a thin layer. To ensure a uniform 
coating, the sample stage is rotated during the deposition.  
 
Figure 3.5 – A schematic diagram illustrating the operation of a magnetron 
sputter coater [151]. 
Gold sputter coating was performed with an Emitech K575X, operated with a target 
current of 100 mA for 2 min without heating or cooling the substrate. According to the 
manufacturer’s calibration, shown in Figure 3.6, 2 min of sputtering at 100 mA will 
produce a gold layer of ~ 60 nm. 
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Figure 3.6 – Gold deposition rate per minute as a function of target current, 
as calibrated by manufacturer [152]. Image © Quorum Technologies. 
For both deposition methods, the crystal edges were either protected with photoresist to 
stop gold formation or the edges were retrospectively polished to remove any deposited 
gold. After deposition the samples were baked at 85 C for ~ 30 min to improve adhesion.  
3.1.6 Photolithography 
Photolithography is a micro-fabrication, or patterning method commonly used in the 
semiconductor industry. The process involves spin-coating a thin-film photo-sensitive 
chemical, or photoresist, onto a substrate and exposing it to UV light through a photomask 
containing the pattern to be fabricated. The photoresist can either be positive or negative 
in nature, as illustrated in Figure 3.7. Negative photoresists are soluble prior to exposure 
and insoluble following exposure. This is due to the cross-linking of the polymer, initiated 
by a photosensitive agent within the photoresist. Positive photoresists are soluble in 
developer following exposure to light. This is due to the photo-decomposition of a 
solubility inhibitor agent in the photoresist. 
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Figure 3.7 – Schematic illustration of the difference between (a) negative and 
(b) positive photoresists [153]. Image © Yinan Zhang under CC BY-SA 3.0. 
The photomask typically takes the form of a transparent fussed silica / quartz plate coated 
with an opaque chrome layer. A light field mask is predominantly transparent, with the 
pattern defined by small features of chrome. A dark field mask is the inverse and is 
predominantly opaque, with the pattern defined by openings in the chrome layer. The 
choice of photoresist and mask allows flexibility in the fabrication process. For example, 
four photolithographic methods are available to fabricate an array of small metal pixel 
pads on a CdZnTe detector: 
A. Positive photoresist, light field mask – Planar metal layer is deposited on the 
bare CdZnTe substrate prior to lithography. The opaque regions of the mask 
correspond to the pixel pads and the interpixel channels are exposed and 
subsequently removed during development. The pixel pads are protected 
allowing the metal in the open interpixel channels to be etched away. 
B. Positive photoresist, dark field mask – Lithography is carried out on the bare 
substrate before metal deposition. The opaque regions of the mask correspond 
to the interpixel channels and so the pixel pads are exposed and subsequently 
removed during development. The interpixel channels are protected allowing 
metal to be deposited on the CdZnTe substrate only in the open pad regions. 
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Stripping or lift off of the photoresist may be required if metal has coated the 
resist in the interpixel channels. 
C. Negative photoresist, light field mask – Lithography occurs before metal 
contact deposition. The opaque regions of the mask correspond to the pixel 
pads. This means that the interpixel channels are exposed and cross-linked 
and it is the pixel pad regions that are removed during development. The 
interpixel channels are protected allowing metal to be deposited on the 
CdZnTe substrate only in the open pad regions. Stripping or lift off of the 
photoresist may be required if metal has coated the resist in the interpixel 
channels. 
D. Negative photoresist, dark field mask – Planar metal contacts are deposited 
on the bare CdZnTe substrate prior to lithography. The opaque regions of the 
mask correspond to the interpixel channels. This means that the pixel pad 
regions are exposed and cross-linked and it is the interpixel channels that are 
removed during development. The pixel pads are protected allowing the metal 
in the open interpixel channels to be etched away. 
All four of the methods detailed above were investigated during the current work and a 
summary of the progress made will be presented. The lithography was completed in the 
ISO 5 clean room facility of the Innovations Technology Access Centre for Micro and 
Nanotechnology (I-TAC MNT) at RAL by a member of the RAL Detector Development 
Group. The crystal processing, cleaning, metal deposition, interpixel etching and edge 
processing was completed in the Detector Materials Laboratory at RAL by the author. 
Successfully fabricated detectors were flip-chip bonded to the HEXITEC ASIC in the 
class 10,000 Interconnect Centre clean room facility at RAL by members of the RAL 
Detector Development and Interconnect Groups. The positive and negative photoresists 
investigated were AZ-9260 and SU-8-2005 respectively. Both light and dark field mask 
designs consisted of a 74 × 74 array of 200 × 200 μm2 pixels with a 50 μm interpixel gap 
and 100 μm wide guard band. N-methyl-2-pyrrolidone (NMP) was used for stripping of 
the photoresist. 
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A common problem encountered during spin coating is beading of the resist at the edges 
of the substrate, where the resist thickness can vary by several μm. Due to various 
parameters such as resist viscosity, surface tension between resist and substrate and 
process conditions, the resist may contract from the edge of the substrate and form an 
edge bead. The edge bead resist is thicker than the resist in the centre of the substrate. 
This thickness variation leads to adverse effects during the exposure, such as non-uniform 
dose distribution and light scattering due to insufficient contact between mask and resist. 
The result is a deterioration of the pattern definition in the resist. This is a particular 
problem when working on single die as critical lithographic features are likely to extend 
to the edge of the substrate. For wafer scale production the edge bead is easily removed 
without damaging the resist coating the sensitive regions of the substrate. Under or over-
exposure can affect adhesion to the substrate, chemical resistance of the resist and spatial 
resolution of the pattern. Trials were completed to determine the optimum spin speed and 
exposure time/dose in order to minimise the detrimental effects of edge beading.  
For methods A and D, it is necessary to etch away the gold from the interpixel regions. 
Bromine was the most suitable etchant to use for this purpose and its reactions with 
CdZnTe are well documented. Trials were completed to determine the optimum bromine 
etchant mixture, concentration and etching time. As outlined in Section 3.1.3, bromine 
etching of CdZnTe leaves a tellurium rich, conductive surface. A study was completed to 
investigate the interpixel resistance of as-etched and passivated interpixel surfaces. Three 
passivation agents, listed in Table 3.1, were investigated and compared with an as-etched 
region of the detector that was left in atmosphere before testing. The resistance between 
pixels were measured as described in Section 3.4.5. 
Table 3.1 – The five processes investigated for the passivation of the 
interpixel region of small pixel CdZnTe detectors after etching the interpixel 
region with bromine. 
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 Passivation Agent Concentration Time 
(i) Atmosphere n/a 2 weeks 
(ii) Atmosphere n/a 11 weeks 
(iii) 
Hydrogen peroxide 
(H2O2) 
30% (in DI water) 2 min 
(iv) 
Sodium hypochlorite 
(NaClO) 
5% (in DI water) 10 min 
(v) 
H2O2 followed by 
NaClO 
30% (in DI water) / 
5% (in DI water) 
2 min /  
10 min 
3.2 Characterisation of surface and interface structure 
Below is a description of the experimental methods followed to characterise the surface 
and interface structure of gold contacts on CdZnTe. The theory underpinning each 
technique is described in detail in Appendix C: Characterisation Technique Theory. 
3.2.1 Atomic force microscopy 
An atomic force microscope was used to measure the surface topography and root mean 
square (RMS) roughness of CdZnTe before and after contact deposition. The 
measurements were made with an NT-MDT Solver HV-MFM in semi-contact mode with 
a non-conductive silicon probe. The RMS roughness was calculated with Equation 3.5. 
𝑅𝑀𝑆 = √
1
𝑛
(𝑥1
2 + 𝑥2
2 + ⋯ 𝑥𝑛2) where 
𝑛 = Number of data points 
𝑥𝑛 = n
th value 
Equation 3.5 
3.2.2 Focused ion beam and scanning electron microscopy    
The contact surface and interface were imaged by SEM and FIB. Three FIBs and one 
SEM were used; a Carl Zeiss XB1540, FEI Nova Nanolab 600, FEI 2500 and a JOEL 
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JSM 7100F SEM. The SEM was used to image the surface topography of the gold 
contacts. The samples were mounted at 45° and an accelerating voltage of 30 kV was 
used to enhance the contrast and definition of surface features. 
The FIBs were used to mill and image cross sections through the metal-semiconductor 
interface and to extract thin foils (~ 100 nm thick) for further TEM analysis. Prior to ion 
imaging/milling, where possible, a protective layer was deposited to protect the gold 
surface. This consisted of either a single layer of ion beam platinum or a bilayer of 
electron mixed platinum/carbon and ion beam platinum or a bilayer of sputtered carbon 
and ion beam tungsten. A gallium ion current of 200 pA was used to mill the main trench, 
with a reduced current of 50 pA used to fine polish the interface ready for imaging. The 
ions were accelerated to 30 kV with the Carl Zeiss XB1540 and FEI Nova Nanolab 600 
and 50 kV with the FEI 2500. Up to two locations on each sample were investigated with 
each exposed interface re-milled several times to obtain multiple, parallel interface 
profiles several micrometres apart. The structure and dimensions of the exposed 
interfaces were measured and assessed. A typical FIB cross section image is presented in 
Figure 3.8 and an image of a foil being extracted is shown in Figure 3.9. 
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Figure 3.8 – A cross section milled through the surface of a sample by a FIB. 
The red broken lines indicate regions of progressively more surface damage 
caused by the ion beam as the image is focused on a smaller area. A layer of 
platinum has been deposited over the region of interest to preserve the surface 
before a trench is milled to expose a cross section of the interface for imaging. 
 
Figure 3.9 – A foil being extracted by a FIB for further TEM analysis.  
The Carl Zeiss XB1540 and FEI Nova Nanolab 600 are dual beam FIBs which allow both 
ion and electron beam imaging. Ion beam imaging can provide additional information, 
such as enhanced contrast of grain boundaries and crystallographic orientation, however 
this can be at the cost of additional sample damage [154, 155]. It was decided to use the 
secondary electron signal generated from the electron beam to image the interfaces to 
avoid this sample damage. As with a standard SEM, the contrast originated from the 
topography, atomic number and conductivity of the sample. 
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3.2.3 Transmission electron microscopy 
An FEI 2500 FIB was used to prepare and extract thin (~ 100 nm) cross section foils for 
detailed analysis with a JOEL TEM. The foils were imaged in both bright and high-angle 
annular dark field (HAADF) modes to provide complementary information.  
3.3 Characterisation of interface chemistry 
Below is a description of the experimental techniques used to characterise the interfacial 
chemistry of gold contacts on CdZnTe. The theory underpinning each technique is 
described in detail in Appendix C: Characterisation Technique Theory. 
3.3.1 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy analysis and depth profiling were performed using a 
Thermo Scientific Theta Probe spectrometer with a monochromated Al Kα characteristic 
X-ray source. The X-ray source had an energy of 1486.7 eV and a spot size of 400 μm. 
The take-off angle relative to the surface plane was 37. The measured binding energies 
were calibrated with respect to the aliphatic carbon contamination peak at 285.0 eV. An 
analyser pass-energy of 50 eV was employed for elemental peak analysis. Depth profiles 
were acquired by sequentially etching layers of material with a 1 μA current of 3 keV Ar+ 
ions rastered over an area of 2.5 mm2 followed by XPS analysis.  
The XPS binding energies of the elemental peaks considered in the current study are 
presented in Table 3.2. If a shift in binding energy is observed during XPS measurements 
it can be an indication of a change in chemical state of the species. The shift in peak 
positions of oxygen and tellurium upon oxidation compared with OH-/H2O contamination 
or bulk CdZnTe, respectively, are well known [146, 156] and these were also considered. 
Charging of the sample surface may also result in a peak shift (to higher binding energies). 
This would however affect peaks from all elements. This was not observed at any stage 
during the XPS depth profile measurements presented in the current work. 
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Table 3.2 – The elements, photoelectron peak identities and published 
binding energies studied in the current work [156, 157]. Labels in brackets 
indicate how the element is bonded for peaks that have clear energy shifts. 
Element Peak Energy (eV) 
Gold 4f7/2 84.0 
Chlorine 2p3/2 198.5 
Carbon 1s 285.0 
Cadmium 3d5/2 405.1 
Indium 3d5/2 443.9 
Oxygen 1s (oxide) 529.5 – 530.6 
Oxygen 1s (contamination) 532.0 – 533.1 
Tellurium 3d5/2 (oxide) 575.2 – 576.3 
Tellurium 3d5/2 (bulk/elemental) 572.2 – 573.1 
Zinc 2p3/2 1021.8 
The atomic composition at each level was calculated by applying instrument-modified 
Wagner sensitivity factors to the intensity of the measured peaks, following a Shirley 
background subtraction. If the intensity of a peak had a signal-to-noise ratio below 1% it 
was disregarded. This method of quantification is described in [157]. The Avantage 
software package supplied with the Theta Probe spectrometer was used for the 
quantification. A small variation in the Ar+ ion etch current was noted during etching. To 
ensure consistency between measurements, the depth profiles were normalised to a 
common current of 1 μA. This was based on the assumption that the sputter rate was 
linearly proportional to etch time [158]. It was decided not to convert etch time to depth 
due to the heterogeneous chemical nature of the metal-semiconductor interface region 
and the variation in etch rate between the different chemical compounds present. 
Principal component analysis (PCA) is a statistical method of identifying patterns within 
large, multidimensional datasets. The patterns, or components, are found by applying a 
series of linear fits to the data. The first linear fit represents the largest variability in the 
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data and is found by applying the common least squares method. The second and 
subsequent fits pass through the mean of the data and must represent as much of the 
variability remaining in the data as possible. Each subsequent fit must also satisfy the 
condition that it is uncorrelated, or orthogonal, with the previous fits. Each fit is 
considered a component and often just a few components are required to explain the 
majority of the variance observed in the dataset. The original dataset may be represented 
by a linear combination of the principal components, each one weighted by the degree to 
which they reduce the variability of the original data. The two primary components of an 
example X-Y dataset are illustrated in Figure 3.10. The majority of the variability is found 
along the vector U, which represents the first principal component. Further information 
regarding the application of PCA can be found in the literature [157, 159]. 
 
Figure 3.10 – The two principal components U and V of an X-Y dataset. The 
first component U is responsible for the largest degree of variability in the 
dataset. The second component V lies orthogonal to the first component [160]. 
Image © Duncan Gillies. 
When PCA is applied to a simple XPS depth profile spectral data set, such as that obtained 
when profiling through an elementally pure substrate, a single principal component will 
be found. This component will take the form of a spectrum corresponding to the 
elementary photoelectron peak (or doublet) of interest. For more complicated samples, 
with multiple elements and multiple chemical states, multiple principal components for 
each element are likely to be found. The additional components relate to regions within 
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the depth profile where a particular photoelectron peak has shifted or broadened due a 
variation in the chemical bonding. 
The PCA method was used to identify the principal components associated with the 
elements listed in Table 3.2 as an additional method of identifying the chemical state of 
the interface. The intensity of the identified components were plotted as a function of etch 
time to determine where components from two or more elements were located in 
coincidence through the profile. This was interpreted as the presence of a chemical 
compound of these elements in this region of the profile. The Avantage software package 
supplied with the Theta Probe spectrometer was used for the PCA data processing. 
Angle resolved XPS (ARXPS) is a non-destructive method of measuring a depth profile 
that relies on the shallow interaction volume (~ 10 nm) of XPS [158, 161]. A simple 
application of ARXPS is the measurement of a thin surface oxide layer. This is achieved 
by first measuring the ratio R of oxide peak intensity IA to metal peak intensity IB at a 
range of angles for the same photoelectron emission (e.g. Si 2p). The ratio R is defined 
by Equation 3.6, where λA/B,A are the attenuation lengths of photoelectrons emitted from 
the oxide/metal layers passing through the oxide layer.  
𝑅 =
𝐼𝐴
𝐼𝐵
= 𝑅0
(1 − exp [
−𝑑
𝜆𝐴,𝐴cos𝜃
])
exp [
−𝑑
𝜆𝐵,𝐴cos𝜃
]
  Equation 3.6 
The photoelectrons emitted from the oxide and metal layers will have approximately the 
same kinetic energy so λA,A ≈ λB,A. The ratio R is simplified and rearranged to give 
Equation 3.7 and R0 is defined by Equation 3.8.  
ln [
1 + 𝑅
𝑅0
] =
𝑑
𝜆𝐴,𝐴cos𝜃
 Equation 3.7 
𝑅0 =
𝐼0,𝐴
𝐼0,𝐵
=
𝑁𝐵,𝐴𝜆𝐵,𝐴
𝑁𝐵,𝐵𝜆𝐵,𝐵
 Equation 3.8 
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The I0,A/B values are dependent on many factors. Assuming the same photoelectron 
emission is measured, all but two of these factors cancel, leaving only the ratio of atomic 
number densities, NB,B/NB,A, and attenuation lengths in the two materials. Atomic number 
density is defined as the number of atoms of a particular element in a material per unit 
volume. The ratio of atomic number densities required to solve for R0 is defined by 
Equation 3.9, where ρ is the material density and F is the formula mass of the material. 
𝑁𝐵,𝐴
𝑁𝐵,𝐵
=
𝜌𝐴𝐹𝐵
𝜌𝐵𝐹𝐴
 Equation 3.9 
The oxide layer thickness, d, is found by applying a linear fit through the origin to a plot 
of ln[1+R/R0] against 1/cosθ. The gradient of the fit is equal to d/λA,A. Further information 
on the ARXPS technique is contained in Appendix C: Characterisation Technique 
Theory. 
The ARXPS technique was used to measure the native oxide layer thickness present on 
the surface of bare CdZnTe before gold deposition. Tellurium 3d5/2 photoelectrons, 
emitted at 10 take-off angles between 25° and 59° relative to the surface normal, were 
recorded. Measurements at angles above ~ 60° suffer increasingly from elastic scattering 
effects and can prove to be unreliable. The Thermo Scientific Theta Probe spectrometer 
allows angle resolved measurements to be made in parallel. This avoids problems 
associated with tilting the sample, such as inconsistent analysis area and position. An 
increased pass energy of 150 eV was used to compensate for the reduced intensity of the 
ARXPS mode. Measurements were completed at five locations across the Te- and Cd-
faces of two crystals and the results averaged. 
The ratio of bulk-to-oxide peak intensities R was calculated at each angle and a plot of 
Equation 3.7 was formed. The tellurium oxide layer thickness was determined by 
applying a linear fit through the intercept and dividing the gradient by the tellurium oxide 
3d5/2 photoelectron attenuation length through the oxide layer λA,A. This attenuation length 
and the attenuation lengths required to solve R0 were calculated using Equation 3.10, the 
S3 Seah equation [162].  
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𝜆 =
(5.8 + 0.0041𝑍1.7 + 0.088𝐸0.93)𝑎1.82
𝑍0.38(1 − 𝑊)
  Equation 3.10 
Where 
𝑊 = 0.02E𝑔 
𝐸𝑔 = Bandgap energy 
The semi-empirical Seah equation relies on the atomic spacing a (Equation 3.11, in nm) 
and average atomic number Z of the medium and photoelectron kinetic energy E to 
calculate the attenuation length.  
𝑎 = (
1021𝑀
𝜌𝑁𝐴(𝑔 + ℎ)
)
1
3
   Equation 3.11 
Where 
𝑀 = Molecular mass 
𝑁𝐴 = Avogadro's number 
𝑔, ℎ = Stoichiometries in the molecular formula 𝐺𝑔Hℎ 
Attenuation lengths of λTe,CdZnTe (λB,B) = 1.77 nm and λTe,TeO2 (λA/B,A) = 1.47 nm were 
calculated. The densities, formula masses and bandgaps of Cd0.9Zn0.1Te and TeO2 were 
taken as 5.78 g.cm-3, 5.75 g.cm-3, 235.31 g.mol-1 and 159.60 g.mol-1, 1.57 eV and           
3.50 eV respectively. The molecular masses of Cd0.9Zn0.1Te and TeO2 are the same as 
their formula masses.  
3.3.2 Energy dispersive X-ray spectroscopy 
An Oxford Instruments EDS module attached to a JOEL TEM provided chemical 
information from line and area scans. It was not possible to quantify the elemental 
information provided by this technique due to significant variation in the chemical 
composition of the matrix across the samples. Instead, the data was plotted as a function 
of measured X-ray intensity for specific X-ray peaks. Consideration was made of scatter 
and overlapping peaks when analysing the results. 
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3.4 Electronic characterisation of contacts 
One method of characterising the electronic response of a direct conversion 
semiconductor detector involves measuring the current flow through the detector as a 
function of an applied bias. This is referred to as a current-voltage (IV) measurement and 
can be used to calculate the detector resistance or bulk resistivity, leakage current at 
typical operating bias, contact barrier height and mechanism of leakage current 
generation. Measurements can also be made between two contacts on the same surface, 
giving surface properties such as interpixel resistance. 
3.4.1 Low voltage regime – Detector resistivity 
The low voltage (~ ±1 V) Ohmic current response observed in CdZnTe detectors is 
primarily [68] but not exclusively determined by the bulk resistivity. It will be shown that 
the contacts can affect current measurements even at very low voltages due to the non-
zero series resistance introduced by each contact. It is therefore useful to consider both 
bulk resistivity, as approximated by Equation 3.12, and overall detector resistance R, as 
defined by Ohm’s law stated in Equation 3.13.  
𝜌 ≈
𝑉𝐴
𝐼𝑑
 Equation 3.12 
𝑅 =
𝑉
𝐼
 Equation 3.13 
Both bulk resistivity and detector resistance were calculated by fitting the appropriate 
equation to the low voltage IV data, averaging across both positive and negative bias, 
where V is the applied bias, A the contact area, I the leakage current and d the detector 
thickness. 
3.4.2 High voltage regime – Leakage current mechanism 
As the voltage increases beyond the low voltage regime, the detector will begin to deplete. 
As stated in Equation 3.14, the width of the depletion region W is proportional to V1/2 
[163].  
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𝑊 ≅ (2𝜖𝑉𝜇𝜌)
1
2⁄  where 
𝜖 = Dielectric constant 
𝜇 = Mobility 
𝜌 = Resistivity 
Equation 3.14 
Assuming a constant generation rate, the leakage current resulting from the thermal 
generation of carriers within the depleted bulk will increase linearly with depletion region 
width. If the leakage current is measured to vary with V1/2 it is an indication that the 
detector is not fully depleted and that the thermal generation of carriers in the partially 
depleted bulk is the dominant leakage current mechanism [164]. Once the detector 
becomes fully depleted, the voltage dependency of the leakage current will change from 
V1/2 to Vn, where n ≥ 1. The voltage at which this occurs is referred to as the depletion 
voltage. A value of n = 1 indicates diffusion-limited current [165], where the presence of 
a Schottky barrier limits the transfer of charge across the metal-semiconductor junction 
to diffusion rather than thermionic emission. This region is referred to as quasi-Ohmic as 
R is proportional, but not equal to V/I. Diffusion limited current will be explained in 
further detail in the following section. A value of n = 2 indicates that injection at the 
contacts is occurring (due to an increased field strength) but the current flow is space-
charge limited (SCL) [13, 164, 166-169]. The SCL current is defined by Equation 3.15.  
𝐼 =
9𝜖𝜇𝑉2
8𝑑3
   Equation 3.15 
The current is space-charge limited when the concentration of charge carriers being 
injected through the contact is much greater than the equilibrium concentration of 
electrons/holes in the conduction/valence band [168]. This high concentration creates a 
potential gradient limiting the current flow [170]. A value of n >> 2 indicates that the 
bulk, edges or contacts of the detector have experienced dielectric broken down and 
electron avalanche leading to an exponential increase in conduction through the detector.  
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3.4.3 Barrier height 
As discussed in Section 2.2.3, a potential barrier may exist at a metal-semiconductor 
junction that impedes the transfer of charge. This barrier is referred to as a Schottky 
barrier. The Schottky-Mott (S-M) theory states that the thermal equilibrium Schottky 
barrier height (SBH) ϕ0 for electrons is the difference between the metal work function 
ΦM and semiconductor electron affinity χS (see Equation 2.20). For holes it is the 
difference between the bandgap and the electron SBH (see Equation 2.21) [133, 134]. A 
purely Ohmic contact has a zero barrier height. It has been observed that metal contacts 
on CdZnTe form neither perfect Ohmic nor Schottky contacts due to interface states and 
oxide layers introduced during crystal processing and contact deposition [66]. These 
interface states and oxide layers alter the barrier height from that predicted by S-M 
leading to an effective barrier height ϕ. 
Crowell and Sze [171] developed the thermionic-diffusion (T-D) model to better explain 
the exchange of charges across a barrier and the effects of image force lowering. Image-
force lowering occurs as a charge approaches a barrier and induces a mirror charge on the 
opposite side. The effect is a reduction in the barrier height [130]. The presence of an 
interfacial layer between the metal and semiconductor will have a greater effect on the 
barrier height than the image force for gold contacts on CdZnTe [68]. The interfacial 
layer-thermionic-diffusion (ITD) model proposed by Wu [67] unites the T-D model with 
the interfacial layer theory to explain how the measured effective barrier height differs 
from the thermal equilibrium SBH due to the electron transmission and potential drop 
across an insulating interfacial layer. The ITD model has successfully been used to 
explain the IV response of Pt/CdZnTe/Pt detectors [68]. 
The relatively low electron mobility of CdZnTe allows free carriers close to the contact 
to reach thermal equilibrium with the electrons in the metal. This reduces the probability 
of thermionic emission across the contact. The thermionic limit of the T-D / ITD models 
is no longer valid under these conditions and the diffusion limit is more relevant [130, 
165]. The diffusion limited current I across a Schottky contact according to the ITD model 
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is defined by Equation 3.16, where ϕ is the effective barrier height, q is the electronic 
charge, VD is the effective diffusion velocity, kB is the Boltzmann constant, T is the 
temperature, Vi is the voltage drop across the interfacial layer and V is the applied bias.  
𝐼 = q𝑁𝐶𝑉𝐷exp [−
q𝜙
kB𝑇
] exp [−
q𝑉𝑖
kB𝑇
] (exp [−
q𝑉
kB𝑇
] − 1) Equation 3.16 
The effective density of states NC is defined by Equation 3.17, where me* is the electron 
effective mass and h is the Planck constant.  
𝑁𝐶=2 (
2π𝑚𝑒
∗kB𝑇
h2
)
3/2
 Equation 3.17 
The effective barrier height may be found by measuring the diffusion limited current at a 
range of temperatures for a fixed voltage and fitting Equation 3.18 to an Arrhenius plot 
of the data.  
𝐼 ∝ 𝑇3/2exp [−
q𝜙
kB𝑇
] Equation 3.18 
3.4.4 Current-voltage measurements 
The high and low voltage IV responses of the detectors were measured with a Keithley 
pico-ammeter and probe station whilst housed in an electrostatically shielded and light-
tight enclosure. The equipment was operated in a temperature controlled clean room. The 
current was read out from the contact on the (111)A Cd-face and the bias applied to the 
contact on the (111)B Te-face.  
A measurement was made at each voltage step three times and averaged, with a settle 
time of 2 s before each measurement. The high voltage regime was measured in 5-25 V 
steps up to ± 500-1,000 V. The high voltage data was used to determine the detector 
leakage current at typical operating voltages, the voltage at which full depletion was 
reached and the effective barrier height of each contact. The low voltage regime was 
measured in 0.1 V steps up to ± 1-2 V. The low voltage data was used to measure the 
detector resistance / bulk resistivity. 
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For temperature dependent measurements, the detector was mounted on a ceramic 
substrate and placed in a cryostat. The cryostat was evacuated to a pressure of                          
< 5 × 10-2 mbar and cooled with liquid nitrogen. The temperature was monitored by an 
Oxford Instruments proportional-integral-derivative (PID) controller to within ± 0.1°C.  
3.4.5 Interpixel resistance measurements 
Interpixel resistance measurements were made by applying a bias to one pixel through a 
probe and measuring the current from a neighbouring pixel through a second probe. The 
other pixel contacts and the rear planar contact were left floating. The bias was ramped 
from +1 to -1 V in 0.1 V steps with a 2 s settle time. Three measurements were made at 
each voltage step and averaged. The measurements were made with the same Keithley 
pico-ammeter, probe station, and light-light enclosure as for the standard IV 
measurements. The interpixel resistance was calculated by fitting a linear least squares fit 
to the data and extracting the gradient (see Equation 3.13). 
3.5 Spectroscopic characterisation of detectors 
The contacting technologies developed in the current work are intended for CdZnTe 
spectroscopic X-ray imaging detectors. The primary requirements of spectroscopic          
X-ray imaging are fine energy and spatial resolutions and a uniform response across the 
imaging array. To investigate these properties small pixel CdZnTe detectors were 
fabricated and flip-chip bump bonded to the HEXITEC ASIC and exposed to a 241Am 
radiation source. The technical specification of the HEXITEC ASIC is discussed in 
further detail in Appendix B: Detector Electronics. 
3.5.1 Bonding of HEXITEC ASIC 
The HEXITEC ASIC was flip-chip bump bonded directly to the CdZnTe detector. This 
bonding process first involved depositing a small volume of silver loaded epoxy with a 
low curing temperature onto each detector pixel pad using a custom stencil printer. The 
silver dots deposited by this method have a height of 30 ± 10 µm and a diameter of          
136 ± 10 µm [172]. Gold studs were then thermosonically welded to each ASIC pixel 
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using a Palomar P8000 wire bonder before the ASIC and detector were transferred to a 
SET FC150 flip-chip bonder. The dotted detector pixels and studded ASIC bond pads 
were brought into alignment and pressed together with a pressure of 0.8 mN per bond at 
30°C. The assembly was cured at 45°C in an oven for several hours before being mounted 
on an aluminium block. Finally the ASIC readout pads were wire bonded to a PCB for 
connection to the DAQ system using a Hesse & Knipps Bondjet 715M ultrasonic wedge 
bonder. The aluminium block allowed for easy handling and the PCB door step card 
allowed the module to be plugged into the DAQ board. A fully assembled module is 
shown in Figure 3.11. The module is 3-side buttable, which potentially allows a 2 × N 
module array to be formed. The low temperature bonding process avoided problems 
associated with thermal expansion coefficient mismatches and tellurium migration within 
the CdZnTe crystal that may have occurred at elevated temperatures. 
 
Figure 3.11 – Fully assembled CdTe HEXITEC module ready for mounting 
in the DAQ system [173].  
3.5.2 Measurements 
The size of the CdZnTe crystals (19.5 × 19.5 × 2 mm3) limited the pixel array to 74 × 74 
of the 80 × 80 channels available on the ASIC. The ASIC was readout with a custom data 
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acquisition system and the bias was applied, and leakage current measured, by a Keithly 
voltage source connected to the planar gold contact deposited on the (111)B  Te-face of 
the crystal.  
The operating bias was chosen based on initial IV measurements where by the voltage 
was applied and the variation in leakage current measured over 3 × 60 s periods. A short 
refresh and settle period was introduced between measurements. The operating bias was 
defined as the maximum voltage for which the standard deviation of the current did not 
exceed 10% of the average current value as measured over the 3 × 60 s periods.  
The humidity of the detector housing was monitored and controlled to allow the detector 
temperature to be reduced without condensation forming, which can result in high voltage 
discharge. The ASIC temperature was controlled with a PID and Peltier cooler to allow 
operation at temperatures as low as ~ -5°C. The CdZnTe crystal was assumed to be in 
thermal equilibrium with the ASIC. 
Spectroscopic measurements were made using an 85 MBq 241Am point source positioned 
10 cm directly in front of the sensor. The position of the source was chosen to provide a 
balance between count rate, which reduces with the inverse square of distance, and 
uniformity of exposure across the detector, which increases with distance. The centroid 
and intensity of the primary 241Am gamma emission at 59.54 keV was recorded for all 
pixels to determine the uniformity of response across the pixel array. The FWHM of the 
59.54 keV photopeak was measured to determine the energy resolution of each pixel and 
again assess the uniformity of response. The data was processed with custom Matlab 
scripts developed at RAL. 
3.5.3 Spectral analysis 
The measured spectra were corrected for charge sharing using an algorithm that vetoed 
events where one or more of the four closest neighbouring pixels measured an event 
within the same frame [78]. The count rate was low enough that the probability of 
recording multiple true events in neighbouring pixels in a single frame was minimal. If 
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the fraction of charge shared with a neighbour was below the low energy threshold of that 
pixel then it would have gone undetected. These events would not have been registered 
as shared. The low energy threshold was ~ 2-4 keV. This limitation of the charge sharing 
correction algorithm will introduce a low energy tail to each photopeak in the spectrum, 
in addition to the low energy tail often observed in CdTe/CdZnTe detectors due to hole 
trapping.  
As will be discussed in the relevant results sections, numerous pixels produced poor 
spectroscopy or non-uniform response. A poor spectral response is characterised by 
degradation of photopeak FWHM, tailing of the photopeak, increased electronic noise 
and variation in pixel sensitivity/efficiency. There are several possible reasons why the 
spectral response of a pixel may be poor, including inclusions and crystal defects [174], 
failed bonds, electric field effects [76, 174, 175] and edge effects [49, 176]. 
If a pixel produced a significantly degraded spectrum due to one or more of the above 
mentioned phenomena, then the spectrum was disregarded from further analysis. A 
spectrum was deemed to be significantly degraded if the total spectrum counts above the 
noise edge was below a defined value, or if the 59.54 keV photopeak position was located 
outside a defined channel range. This verification and veto process was automated by the 
Matlab script. If the spectrum satisfied the verification criteria the spectrum was 
processed by the Matlab script to calibrate the pixel and calculate the centroid, counts and 
FWHM of the 59.54 keV photopeak. 
To convert from channel number to energy, the energy calibration algorithm first 
identified the prominent gamma peak at 59.5keV in the 241Am spectrum. This was 
achieved using the Matlab peak search function within a specified channel range. The 
centroid channel position was calculated through interpolation before three further peaks, 
26.3 keV (241Am γ), 17.8 keV (Np Lβ1) and 13.4 keV (Np Lα1), were identified, with the 
channel search range of each peak defined relative to the centroid of the 59.5 keV peak. 
The centroids of the three additional peaks were calculated and a plot of known energy 
as a function of centroid was formed. A linear regression of this plot provided the 
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calibration coefficients m (energy per channel) and c (energy offset), in the form of 
Equation 3.19, where E is the calibrated energy and H the channel number. 
𝐸 = 𝑚𝐻 + c Equation 3.19 
The FWHM of the 59.5 keV photopeak was calculated after energy calibration with an 
algorithm contained in the Matlab script. The algorithm took the interpolated peak 
centroid position P from the earlier verification algorithm and calculated the counts at 
that position CP and the half-maximum counts CP/2. The algorithm then identified the 
integer channel positions above and below the half-maximum value for the lower and 
upper sides of the peak, as illustrated in Figure 3.12. 
 
Figure 3.12 – Example plot showing how the FWHM of the photopeak was 
calculated with the Matlab algorithm. P is the interpolated peak centroid 
channel, and A, B, C and D are the integer channel positions below and above 
lower-half-max, and below and above the upper-half-max respectively. 
Finally, a calculation was completed to find the interpolated lower and upper half-
maximum channel positions, and convert the difference between these two values in to 
energy. The interpolation equation used is specified in Equation 3.20 [177], where Ei is 
the energy of the channel, m is the energy per channel (calibration coefficient), Ci is the 
counts in the channel, and A, B, C and D are the integer channel positions below and 
above lower-half-max, and below and above the upper-half-max respectively. 
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𝐹𝑊𝐻𝑀 = (𝐸𝐶 + [𝑚 ×
𝐶𝐶 −
𝐶𝑃
2
𝐶𝐶 − 𝐶𝐷
]) − (𝐸𝐴 + [𝑚 ×
𝐶𝑃
2 − 𝐶𝐴
𝐶𝐵 − 𝐶𝐴
]) Equation 3.20 
3.6 Summary of samples investigated 
The CdZnTe samples investigated during the current work were grown by Redlen 
Technologies Inc. [29] by the Travelling Heater Method (THM). The crystals were (111) 
aligned with dimensions from 10 × 10 × 1.5 to 19.5 × 19.5 × 5 mm3. A description of the 
samples investigated is provided in Table 3.3.  
Table 3.3 – A description of the CdZnTe samples investigated during the 
current work, with dimensions, contacts and details of the analysis completed. 
Mechanically polished samples were polished with 0.05 µm alumina and 
chemo-mechanically polished samples were treated with 1% bromine-in-
methanol for 2 min. 
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4. Characterisation of Redlen Electroless Contacts 
Four identically prepared, commercially available CdZnTe detectors grown and 
fabricated by Redlen Technologies [29] were supplied to RAL for characterisation. The 
project was motivated by Redlen’s desire to better understand their contact fabrication 
process and RAL’s desire to develop a multi-technique characterisation methodology. It 
was intended that this methodology would later be used to characterise gold contacts 
deposited in-house at RAL. The methodology included electrical, structural and chemical 
characterisation of contacts using IV, spectroscopic measurements, FIB, TEM, XPS and 
EDS.  
The work presented in the following chapter documents how this complementary 
approach was used to investigate the asymmetric metal-semiconductor interfaces formed 
on the anode and cathode contacts of CdZnTe following Redlen’s past electroless 
deposition process on “polished only” surfaces. This work has subsequently been 
published and is included in Appendix D: Published Work [178]. 
The Cd0.9Zn0.1Te detectors investigated in the current chapter were grown by the 
travelling heater method. The detectors measured 19.5 × 19.5 × 5 mm3 in size and were 
lapped with SiC and polished with 0.3 then 0.05 μm alumina before contact deposition. 
The crystal surfaces were neither chemically etched nor chemo-mechanically polished 
with bromine methanol or other such agents. The four identically prepared detectors, 
labelled detectors A, B, C and D, were configured with a planar contact deposited by a 
two stage electroless indium / electroless gold process on the (111)B Te-face cathode and 
an 8 × 8 pixel array of contacts on a 2.46 mm pitch deposited by an electroless gold 
process on the (111)A Cd-face anode [132]. 
4.1 Current-voltage measurements 
Plots of current density as a function of field strength for two of the detectors investigated 
are displayed in Figure 4.1. The resistivity and leakage current density values for both 
detectors are presented in Table 4.1. 
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Figure 4.1 – Current density as a function of field strength for detectors A 
and B [178]. The bias was applied to the planar contact and current read out 
from shorted pixel-array anode contact. The current values were measured at 
each voltage three times and averaged. Only the average value was reported 
by the software so it was not possible to calculate the uncertainty of each data 
point. 
Table 4.1 – Resistivity and leakage current density measurements for 
detectors A and B. The leakage current was measured at a typical operating 
field strength of -1,500 V.cm-1. 
Detector 
Resistivity 
(× 1011 Ω.cm) 
Leakage current 
(nA.cm-2) 
A 6 ± 1 3.95 
B 2.4 ± 0.4 2.36 
The measured leakage current values were very low and compared well with published 
values for CdZnTe [69, 179, 180]. Both detectors were measured to have very high 
resistivity, in the order of 1011 Ω.cm. 
 Characterisation of Redlen Electroless Contacts  87 
 
The IV response of both detectors was asymmetric with elevated leakage current when 
positively biased and blocking behaviour when negatively biased. This response was 
representative of the many Redlen detectors investigated during the current study. The 
asymmetry was a result of the significantly different contacts formed on the two crystal 
faces. 
The detectors were configured for the (111)B Te-face to be operated as the cathode and 
the (111)A Cd-face operated as the anode, as illustrated in Figure 4.2a. It has been 
proposed that a structurally symmetric Au/CdZnTe/Au detector in this configuration 
would have a blocking cathode and Ohmic anode due to the innate polarity of the (111) 
aligned crystal. Specifically, electron injection from the contact into the Te-face of the 
bulk at the cathode would be restricted and electron collection from the bulk into the 
contact would be unrestricted [132]. The disadvantage of this configuration is the positive 
charge build up at the cathode, due to poor hole transport. This is of particular concern 
for high flux applications, where the charge build up under the cathode can lead to a 
collapse in the electric field; a form of polarisation [181]. To avoid the build-up of charge, 
Redlen deposit a layer of indium between the gold and bulk CdZnTe. Introducing an 
indium layer at the cathode reduces the barrier height, allowing some injection of 
electrons into the bulk to neutralise the positive charge. The work function of indium, ΦIn 
= 4.1 eV [182], is lower than that of gold, ΦAu = 5.1 eV [52], and of high resistivity 
CdZnTe, which is approximately the same as gold. Despite the introduction of indium, 
the cathode on the Au/In/CdZnTe/Au configured detector still produces a blocking 
response when negatively biased, as shown in the IV plot of Figure 4.1. It is not known 
if this response was in fact less ‘blocking’ than before the introduction of indium as an 
equivalent detector without indium was not available to test. 
4.2 Spectroscopic measurements 
To investigate the effect of Redlen’s asymmetric contact design on detector operation, 
spectroscopic measurements were made with detector A in the standard configuration and 
detector B in the reverse configuration. The standard and reverse configurations are 
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illustrated in Figure 4.2. In both instances a bias of -250 V was applied and the radiation, 
from a variable energy X-ray source, was incident on the electrode being biased. Spectra 
were recorded using an Amptek CoolFET discrete preamplifier (~ 76 electron RMS noise 
[183]) connected to an Ortec 570 amplifier and Canberra Multiport II MCA. The energy 
resolution of each detector was evaluated by measuring the full width at half maximum 
(FWHM) of the primary photopeak following X-ray irradiation. The measurements were 
made at room temperature. 
 
Figure 4.2 – Detector configurations investigated with spectroscopic 
measurements [178]. (a) Standard detector configuration and (b) reverse 
detector configuration. Radiation, represented by broken arrows, was incident 
on the top, biased contact. 
The energy spectra presented in Figure 4.3 were measured with detectors A and B 
following irradiation by barium and terbium X-ray sources. The measured energy 
resolutions of the two detectors are listed in Table 4.2. In the standard configuration 
superior spectroscopic performance was observed due to lower leakage currents. In the 
reverse configuration the higher leakage, due to the asymmetric IV behaviour, degraded 
the spectroscopic performance. 
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Figure 4.3 – Energy spectra measured by detectors A and B following 
irradiation by (a) Ba X-ray source (Kα = 32.2 keV and Kβ = 36.4 keV) and (b) 
Tb X-ray source (Kα = 44.5 keV and Kβ = 50.4 keV) [178].  
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Table 4.2 – FWHM energy resolutions measured for detectors A and B 
following irradiation with Ba and Tb X-ray sources. 
 FWHM 
Detector Ba kα (32.2 keV) Tb kα (44.5 keV) 
A 2.2 keV (7.0%) 1.4 keV (3.2%) 
B 2.8 keV (8.5%) 2.1 keV (4.7%) 
4.3 Cross-section images and elemental analysis 
Detector performance and the effects of leakage current have been evaluated with IV and 
radiation measurements, however, the detector response has not been explained. For this, 
microscopic imaging and chemical analysis of the metal-semiconductor interface is 
required. 
Cross sectional FIB and bright field TEM images of the Au/In cathode contact interface 
of detector C are presented in Figure 4.4. A complicated interface structure below the 
surface gold layer was evident in both images. An extended region below the gold layer 
was observed in the FIB image. This region contained small specks of bright contrast. 
Two further layers were observed below this region before the CdZnTe bulk. The total 
interface depth varied from ~ 400 to 700 nm over a few μm. Previous reports have 
suggested that such a variation in interface depth was the result of polishing damage and 
sub-subsurface strain [35]. It will be shown in Sections 5.3.1 and 6.1.2 that the variation 
in interface depth is also present in chemo-mechanically polished surfaces following 
electroless deposition but not mechanically polished-only surfaces following sputter 
deposition. Chemical treatment with bromine-in-methanol has been demonstrated to 
remove the damage induced by mechanical polishing [184-186]. It was concluded that 
the variation in interface depth observed in the FIB images resulted from a localised 
difference in the reaction rate of the electroless process. 
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Figure 4.4 – (a) FIB secondary electron image and (b) bright field TEM 
image of the interface region of the Au/In cathode contact of a Redlen detector 
C [178]. 
Presented in Figure 4.5 are EDS elemental maps of the extended region below the gold 
surface layer of the Au/In cathode contact of detector C. A mixture of gold and oxygen 
was measured through the extended region and an aggregation of chlorine close to the 
CdZnTe bulk. This elemental profile is characteristic of an electroless deposition process 
involving gold chloride in deionised water, where the CdZnTe surface is oxidised during 
the deposition process and gold forms both on the surface and throughout the oxide region 
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[54, 61]. It was not possible to map the distribution of indium through the interface due 
to its low concentration and the overlap of the indium Lα X-ray peak with the Cd Lα peak. 
Figure 4.5e and Figure 4.5f show a layer of cadmium depletion and tellurium enrichment 
near the bulk. This was a result of the preferential removal of cadmium by the electroless 
solution and subsequent precipitation of cadmium chloride following supersaturation of 
the Cd2+ and Cl- containing solution. The precipitation of CdCl2 is associated with a 
reduction in crystal quality and increase in voiding [187-190]. This is due to the solubility 
of chloride salts and localised strain/deformations resulting from subsurface stress and 
lattice mismatches. The small areas of light contrast observed in the bright field TEM 
image of Figure 4.4b are due to lower electron absorption/scattering which is consistent 
with the presence of voids or pores. The presence of voiding and variation in 
stoichiometry made it highly likely that the interface contained vacancies, interstitials and 
defect complexes. An increase in cadmium vacancy concentration following electroless 
deposition has previously been reported [60] and the presence of chlorine has been 
correlated with an increase in cadmium interstitial (EC – 0.56 eV) concentration [191]. It 
has also been frequently reported that the shallow chlorine donor, ClTe (EC - 0.14 eV) 
compensates cadmium vacancies in CdZnTe through the formation of an A-centre (EV + 
0.12 eV) [112, 192, 193]. 
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Figure 4.5 – (a) Dark field TEM image and (b) to (f) EDS X-ray intensity 
maps across the interface of the of Au/In cathode contact of detector C [178]. 
Cross-sectional bright and dark field TEM images and an EDS line scan of the gold anode 
contact of detector D are presented in Figure 4.6. The EDS line scan allowed the features 
of the TEM images to be identified. The gold surface layer was measured to be ~ 15 nm 
deep, with a shallow interface region of chlorine and oxygen. Gold was also measured 
within this subsurface interface layer. The gold anode interface was much simpler 
compared with the Au/In cathode interface. The structural and chemical differences 
between the cathode and anode contacts were likely to affect the charge transport and 
barrier properties of the two contacts, due to the varying work functions and trap densities 
of the different materials. The asymmetric IV and spectroscopic response of the detectors 
is likely the result of these differences. 
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Figure 4.6 – (a) Bright field and (b) dark field cross-sectional TEM images 
and (c) EDS line scan of the gold anode contact interface of detector D [178]. 
The location of the EDS line scan is indicated by the broken line overlaid       
in (b). 
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4.4 X-ray photoelectron spectroscopy depth profiles 
The XPS depth profile taken through the Au/In cathode interface of detector C is 
presented in Figure 4.7. A complicated heterojunction interface structure of gold / mixed 
gold, oxide and tellurium / mixed oxide and chloride / CdZnTe bulk was measured. This 
heterojunction penetrated into, or was superimposed onto the CdZnTe bulk. The variation 
of the elemental signals in the depth profile as a function of etch time were in good 
agreement with the earlier EDS analysis (see Figure 4.5). The ratio of Cd(Zn):Te in the 
bulk was found to be 0.99 ± 0.02 and consistent with detector grade CdZnTe. The 
chemical composition of the cathode interface was significantly different from the bulk 
CdZnTe. This region could not be considered detector-grade material and would not 
contribute towards the active volume of the detector. Any extended inactive region below 
the cathode is likely to be detrimental to detector performance [194], particularly when 
low-energy radiation with a shallow interaction depth is incident on the cathode. 
 
Figure 4.7 – XPS depth profile through the Au/In cathode contact of    
detector C. 
Low levels of indium were measured throughout the interface of the Au/In cathode 
contact of detector C. The atomic concentration of indium was measured to peak between 
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an etch time of 5,000-10,000 s at just 0.9 at. %. This concentration was just above the 
background noise, which was measured at ~ 0.6 at. % within the bulk. In fact, the indium 
concentration was so low that it was necessary to sum the indium spectra over multiple 
etch levels before the 3d photoelectron peaks could be resolved (see Figure 4.8). The 
3d5/2 and 3d3/2 photoelectron peaks were measured to have binding energies of 444.8 eV 
and 452.2 eV respectively. These binding energies were shifted by ~ +0.9 eV from the 
published elemental values as stated in  
Table 3.2. The 3d5/2 peak has been reported with a binding energy of ~ 444.1-441.2 eV 
when present as a compound with gold [195]. A binding energy of 444.5 eV has been 
reported for In2Te3 and In2O3 [156], which is closer to the binding energy measured in the 
current study.  
The low concentration of indium measured throughout the Au/In cathode contact 
interface of detector C is likely to be the result of three factors. Firstly, the electroless 
deposition of indium onto CdZnTe is a weak process, particularly when compared with 
the electroless deposition of gold. Secondly, the subsequent deposition of gold would 
have disrupted the indium layer and caused indium to be dispersed. Finally, the mobility 
of indium may have led to diffusion towards the bulk. A previous investigation of 
identically fabricated Au/In contacts on CdZnTe has shown that the addition of indium 
does have a beneficial effect on detector performance [132], even with the low 
concentration and diffuse profile identified in the current study.  
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Figure 4.8 – The 3d5/2 and 3d3/2 indium photoelectron peaks [178]. The 
spectrum has been formed by summing the individual spectra measured at 
each etch level between 5,000 and 10,000 s and applying a moving average 
smoothing function.   
Shifts in the photoelectron peaks of oxygen, tellurium, gold and cadmium were observed 
at different regions through the XPS depth profile of the Au/In cathode contact. These 
shifts indicated a change in chemical state of each element. Examples of how the gold 
and cadmium photoelectron peaks shifted through the interface depth profile are shown 
in the spectra of Figure 4.9.  
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Figure 4.9 – (a) The 4f7/2 and 4f5/2 gold photoelectron peaks [178]. The 4f7/2 
peak was measured to have a binding energy of 84.0 eV after 600 s of etching 
(solid line) and 84.1 eV after 6,200 s of etching (dashed line). (b) The 3d5/2 
and 3d3/2 cadmium photoelectron peaks [178]. The 3d5/2 peak was measured 
to have a binding energy of 405.2 eV after 12,400 s of etching (dashed line) 
and 405.0 eV after 22,800 s of etching (solid line). The peak fits are shown 
as dotted black lines. 
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Traditionally peak fitting is used to identify where a peak has shifted and to identify, 
where possible, the chemical state of the element. This is a difficult and time consuming 
process and also subject to human error when analysing depth profile data with many 
elements, different compounds and many etch levels. Alternatively, principal component 
analysis (PCA) may be used to quickly identify any spectral patterns relating to the peak 
shifts. PCA was applied to the gold and cadmium datasets to identify where chemical 
shifts had occurred and then traditional peak fitting was applied to the photoelectron 
spectra at specific points through the depth profile. The traditional peak fits were shown 
in Figure 4.9 and the PCA components will be presented as inserts in Figure 4.10 and 
Figure 4.12. The results are discussed below. 
Two PCA components were found within the gold XPS depth profile dataset. The relative 
intensities of the two components were quantified to give the depth profile shown in 
Figure 4.10. The second gold component (Au_PCA2) represented a broadening and shift 
of the gold 4f photoelectron peaks to higher binding energies. The position of the 4f7/2 
peak within the component was 84.2 eV. The intensity and distribution of Au_PCA2 was 
found to track that of the tellurium 3d5/2 peak (Te_3d5_El), with good agreement up to 
10,000 s. This strongly indicated the presence of a gold telluride phase in this region on 
the profile. The tellurium 3d5/2 elemental peak, which includes bulk or metallic tellurium, 
was also observed to shift in this region of the profile, as shown in Figure 4.11. The 
tellurium 3d5/2 was measured at 572.4 eV in the bulk (measured after 22,000 s) and shifted 
up to 572.9 eV in the middle of the extended subsurface region (measured after 6,000 s).  
The binding energy of the 4f5/2 gold peak was measured to be 84.0 eV after etching for 
600 s (see Figure 4.9a). This was within the surface gold layer and was consistent with 
elemental gold. The 4f5/2 peak of the first gold PCA component (Au_PCA1) was also 
located at 84.0 eV. This component represented elemental gold and the distribution of 
Au_PCA1 through the profile was an indication that elemental gold was distributed 
throughout the extended subsurface region and mixed with the gold telluride. The earlier 
FIB image of Figure 4.4 showed metallic particulates in this region. It is proposed that 
these particulates had an internal or bulk composition of elemental gold and a surface 
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composition of gold telluride. The two PCA components of gold are displayed as an insert 
to Figure 4.10. 
 
Figure 4.10 – XPS depth profile through the Au/In cathode contact of 
detector C showing the concentration of elemental/metallic/bulk tellurium 
and two PCA components of gold, indicative of elemental gold and gold 
telluride [178]. The concentration of the Au_PCA1 component reaches zero 
after 14,000 s and the Au_PCA2 component after 17,000 s. Insert: The two 
primary components identified within the gold dataset. 
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Figure 4.11 – The 3d5/2 elemental/metallic/bulk (AuTe/CdZnTe) and oxide 
(TeO2/CdTeO3) tellurium photoelectron peaks [178]. The 3d5/2 elemental 
peak was measured to have a binding energy of 572.9 eV after 6,000 s of 
etching (dashed line), 573.0 eV after 11,400 s of etching (dotted line) and 
572.4 eV after 22,000 s of etching (solid line).  
Two PCA components were found within the cadmium XPS depth profile dataset. The 
relative intensities of the two components were quantified to give the depth profile shown 
in Figure 4.12. The position (3d5/2 peak at 405.0 eV) and distribution of the first 
component (Cd_PCA1) was consistent with cadmium bound as CdTe. The second 
component (Cd_PCA2) represented a shift of the cadmium 3d photoelectron peaks to 
higher binding energies. The position of the 3d5/2 peak within the Cd_PCA2 component 
was 405.6 eV. The two PCA components of cadmium are displayed as an insert to Figure 
4.12. 
The intensity and distribution of Cd_PCA2 was found to track that of the chlorine 2p peak 
(Cl_2p), which was measured throughout the extended subsurface region and had a peak 
concentration of 8-9 at. % (~ 1021 cm-3) at ~ 13,000 s, just before the bulk and in 
agreement with the earlier EDS results (see Figure 4.5d). The concentration of chlorine 
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was above the 1019 cm-3 solubility limit in CdTe [190]. The co-location of Cd_PCA2 and 
chlorine through the profile indicated the presence of cadmium chloride. The binding 
energy of the chlorine 2p3/2 peak was 198.5 eV and consistent with a metal chloride 
compound. The binding energy of the cadmium 3d5/2 peak was 405.0 eV in the bulk 
CdZnTe but increased by ~ 0.2 eV and broadened by ~ 0.2 eV (FWHM) between ~ 2,000-
15,500 s (see Figure 4.9b). An increase in the binding energy of the cadmium 3d5/2 peak 
is consistent with cadmium bound with chlorine [156, 196]. The ratio of Cd_PCA2 to 
Cl_2p was found to be ~ 1:1 throughout the profile suggesting a phase composition of 
CdCl. However cadmium has a valency of 2 and the oxidation state of chlorine is -1. It is 
more likely that CdCl2 would have formed during the deposition process [187-190], with 
either preferential etching of chlorine or a contribution from cadmium oxide (CdO or 
CdTeO3) distorting the measured ratio. 
 
Figure 4.12 – XPS depth profile through the Au/In cathode contact of 
detector C showing the concentration of chlorine and two PCA components 
of cadmium, indicative of bulk CdTe and cadmium chloride [178]. Insert: The 
two primary components identified within the cadmium dataset. 
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As listed in Table 3.2, distinct photoelectron peaks appear in the binding energy spectra 
when oxygen and tellurium are present in an oxide form. Quantification of these peaks 
provides the atomic % of oxygen and tellurium bound as an oxide. These values have 
been calculated for the Au/In cathode contact and the ratio of O_1s_oxide to 
Te_3d5/2_oxide is plotted in Figure 4.13. If the interfacial oxide is assumed to be a phase 
of tellurium oxide, then the calculated ratio provides an indication of the value of n in 
TeOn. For example, a ratio of 2.5 would suggest a mixture of TeO3 and TeO2.  
The ratio was measured to increase from ~ 1-2 near the surface to ~ 4-5 towards the bulk. 
The majority of the interfacial oxide material was present with a ratio of ~ 2-3. It was 
unlikely that a phase of TeO4-5 was present. The high ratios observed at the longest etch 
times were the result of the reduced signal-to-noise ratio and a possible contribution from 
cadmium oxide or zinc oxide. It is suggested that the oxygen content of the oxide phase 
increased through the interface from the surface towards the bulk, with TeO2 present near 
the surface and TeO3 or CdTeO3 present near the bulk. Consideration of the Cd-Te-O 
system suggested that CdTeO3 was the most likely phase present as it is the most stable 
oxide form [197].  
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Figure 4.13 – Ratio of oxygen to tellurium in oxide form (TeOn) as a function 
of etch time for the Au/In cathode contact of detector C [178]. The increased 
variability of the data at long etch times was related to a reduction in signal-
to-noise ratio. 
Presented in Figure 4.14 is the XPS depth profile measured through the interface of the 
gold anode contact of detector D. The profile presented a thin gold surface layer, 
consistent with the semi-transparent appearance of the contact, and a low interfacial oxide 
content. The profile was in good agreement with the earlier TEM and EDS results (see 
Figure 4.6). The etch time between XPS analysis was too coarse to determine if the 
oxygen content was present as a discrete oxide layer, or a result of contamination and 
diffusion through the thin gold surface layer. The ratio of Cd(Zn):Te  in the bulk was 
measured to be 1.04 ± 0.02 which was consistent with detector grade CdZnTe. 
 
Figure 4.14 – XPS depth profile through the gold anode contact of detector 
D [178]. 
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4.5 Summary 
A multi-technique characterisation methodology has been developed to investigate the 
metal-semiconductor interface formed when metal contacts are deposited on CdZnTe 
radiation detectors. The methodology includes IV analysis, spectroscopic measurements, 
FIB and TEM cross section imaging, EDS elemental mapping and XPS chemical depth 
profiling. This complementary approach has been applied to the characterisation of 
detectors grown and fabricated by Redlen Technologies Inc. 
The deliberate asymmetric construction of Redlen’s Au/In/CdZnTe/Au detectors, with 
contacts formed on mechanically polished-only surfaces by electroless deposition, was 
found to produce asymmetric IV and spectral responses. The leakage current was reduced 
and energy resolution improved when the planar Au/In contact on the (111)B face was 
negatively biased.  
The complicated interface structure of the Au/In contact was revealed by FIB and TEM 
cross section imaging. Elemental and chemical analysis with EDS and XPS enabled the 
images to be interpreted and confirmed the presence of a diffuse gold/oxide region, on a 
bilayer of oxide and cadmium chloride. The tellurium oxide phase was measured to 
evolve through the interface, with TeO2 near the surface and TeO3, CdTeO3 or other 
cadmium- or zinc-based oxides towards the bulk. Gold was present as a discrete surface 
layer and was also distributed within the extended oxide layer in particulate form. The 
particulate composition was proposed to be elemental gold in the particulate bulk and 
gold telluride at the particulate outer surface. Indium was measured at trace/dopant levels 
throughout the interfacial region by XPS but could not be satisfactorily resolved by EDS. 
The structure of the pixellated gold contact by comparison was simple, with a thin surface 
layer of gold and minimal oxide within the interface. The differences in the structure and 
chemistry of the two contacts indicate that the electroless deposition conditions were 
varied at the two contacts, in addition to the supplementary indium deposition on the 
planar cathode side. As will be shown in Section 5.2, gold layer thickness increases with 
time immersed in the gold chloride solution. The thinner gold layer of the anode contact, 
 Characterisation of Redlen Electroless Contacts  106 
 
as measured by XPS and supported by its semi-transparent appearance, suggests a shorter 
gold deposition time compared with the cathode contact. Deposition time is an easily 
controlled variable and so the difference in deposition times for the anode and cathode 
contacts was likely to be a deliberate choice.  
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5. Refinement of Electroless Deposition and Detector 
Fabrication 
The fabrication of a small pixel CdZnTe radiation detector is a complicated process that 
involves many technical stages. The performance of the detector may be improved or may 
be detrimentally affected depending on choices made during each fabrication stage. 
The characterisation methodology introduced in the previous chapter has been used to 
investigate and refine the main stages of detector fabrication; surface preparation, metal 
deposition and pixellation. Two surface preparations have been compared; mechanically 
polished-only and chemo-mechanically polished. Key variables of the electroless 
deposition process have been investigated: gold chloride solution temperature and 
immersion time. This work has subsequently been published and is included in Appendix 
D: Published Work. Finally, a number of lithographic methods have been explored in 
order to form the small-pixel array required for imaging. 
5.1 Deposition temperature 
The temperature at which a reaction occurs is a key variable in determining the rate and 
extent of the reaction. Temperature as a variable for the electroless deposition of gold 
contacts on CdZnTe has not previously been investigated. Although it would be expected 
that the deposition rate would increase with temperature, the overall effect of temperature 
on the structure and chemistry of the interface is not obvious. This is because there are 
several competing reactions and diffusion processes which occur during the electroless 
deposition of gold.  
The effects of varying the temperature of the gold chloride solution on the physical and 
electronic properties of gold contacts formed by electroless deposition have been 
investigated and are discussed in the following section. The CdZnTe crystals were 
mechanically and chemo-mechanically polished before being immersed in a gold chloride 
solution for 1 min to deposit the gold contacts. The temperature of the gold chloride 
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solution was varied from 0 to 40°C. It was not practical to investigate temperatures 
significantly higher or lower as the solution was aqueous and likely to evaporate or freeze. 
5.1.1 Subsurface voids (FIB) 
Cross section FIB images are presented in Figure 5.1 of the interface through gold 
contacts deposited at (a) 0°C and (b) 40°C. These FIB images show subsurface voids in 
the CdZnTe crystal below the contact, with an increase in voiding for the contact 
deposited at 40°C compared with that deposited 0°C. The degradation of crystal quality 
and presence of voids has been attributed to the precipitation of CdCl2 [187-190]. Stress 
from lattice mismatches and the solubility of the chloride salts lead to local deformations 
and voids. The precipitation of CdCl2 within the interface occurs during electroless 
deposition as the concentration of Cd2+ and Cl- reach supersaturation levels within the 
solution. Chloride species have previously been measured in the interface following 
electroless deposition [187-190] and the PCA analysis of XPS measurements presented 
in Section 4.4 confirmed that the depth distribution of metal chloride correlates with that 
of a compound of cadmium (see Figure 4.12). The observed increase in voiding with 
increasing deposition temperature was attributed to a higher reaction rate and increased 
precipitation of CdCl2. 
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Figure 5.1 – FIB cross section images of contacts deposited with gold 
chloride solution at (a) 0°C and (b) 40°C. 
5.1.2 Leakage current (IV) 
The high and low voltage IV measurements taken from detectors contacted with 
increasing gold chloride solution temperature are presented in Figure 5.2 and Figure 5.3 
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respectively. All measurements were made at room temperature. The IV response was 
observed to deteriorate with increasing solution temperature, with the leakage current 
increasing from 5.1 to 55.0 nA.cm-2 at 1,500 V.cm-1. The HEXITEC ASIC has a leakage 
current compensation circuit with a 50 pA per channel tolerance. The measured leakage 
current densities are equivalent to 3.2 to 34.4 pA per 250 μm pitch channel and well 
within the required ASIC specification. The leakage current performance of the current 
detectors is comparable with those fabricated directly by Redlen [178].  
The back-to-back blocking IV response of all five detectors was characteristic of a metal-
semiconductor-metal system with two Schottky barriers. This was evident from the subtle 
“S-bend” in the low voltage IV data [165]. The back-to-back blocking response extended 
up to ~ ±2,000 V.cm-1 for detector 0C and ~ ±1,500 V.cm-1 for detectors 10-30C. The 
blocking response of detector 40C was limited to low field strengths with elevated leakage 
currents measured at both positive and negative bias. A non-zero leakage current in the 
order of pA was measured for all five detectors at zero bias. It was not possible to 
determine if this is due to a built in field across the detector / contacts or an offset in the 
measurement circuitry. 
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Figure 5.2 – High voltage range room-temperature IV measurements for 
detectors 0C-40C, contacted with gold chloride solution at 0-40°C 
respectively. 
 
Figure 5.3 – Low voltage range room-temperature IV measurements for 
detectors 0C-40C, contacted with gold chloride solution at 0-40°C 
respectively. 
5.1.3 Mechanism of leakage current generation (IV) 
The voltage dependency of the leakage current can provide information regarding the 
mechanism of leakage current generation. To extract the voltage dependency, the IV data 
was re-plotted in a log-log format and an I ∝ Vn power function fitted. This is shown for 
three of the detectors in Figure 5.4. Three leakage current regions with distinct voltage 
dependencies were observed. The first region had a V1/2 dependency. The depletion width 
of a semiconductor increases with V1/2 before full completion of the bulk is reached (see 
Equation 3.14) [163, 164]. This suggested that the thermal generation of carriers in the 
depletion region of the partially depleted detector was the dominant leakage current 
mechanism in this first region. The second region, where the detector was fully depleted, 
had a quasi-Ohmic linear voltage dependency indicating a diffusion-limited current due 
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to the presence of a Schottky barrier (see Equation 3.16) [165]. The final region at the 
highest bias had a V2 voltage dependency indicative of space-charge limited (SCL) 
current injection at the contacts (see Equation 3.15) [164, 166-169].  
The responses of detectors 0-30C were similar, with full depletion and quasi-Ohmic 
behavior observed at ~ 300 V.cm-1 for negative bias. For positive bias, an increased field 
strength was required to deplete the detector and quasi-Ohmic behavior was observed 
from ~ 400-600 V.cm-1. SCL current was not observed during the negative bias ramp of 
detectors 0-20C but it was measured above a field strength of ~ 1,100 V.cm-1 for detector 
30C. SCL current was measured during the positive bias ramp above a field strength of  
~ 1,200 V.cm-1 for detectors 10C and 20C. Detector 0C did not exhibit any SCL current 
under either bias polarity. 
The leakage current voltage dependency of detector 40C was distinctly different from 
detectors 0-30C with SCL current measured at a relatively low field strength of ~ 200 
V.cm-1 for positive bias and ~ 800 V.cm-1 for negative bias. This indicated that the 
contacts deposited at 40°C were increasingly prone to injection compared with the 
contacts deposited at lower temperatures. 
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Figure 5.4 – Room temperature log-log (a) positive and (b) negative bias IV 
plots for detectors contacted with gold chloride solution at 0, 30 and 40°C. 
The current in the V1/2 region is dominated by the thermal generation of 
carriers in the partially-depleted bulk. The current in the quasi-Ohmic V1 
region is diffusion limited and the current in the V2 region is dominated by 
space-charge limited injection from the contacts.  
5.1.4 Detector resistance (IV) 
The resistance of detectors 0-40C, as defined by Equation 3.13, is plotted in Figure 5.5. 
The resistance was measured to decrease with increasing deposition temperature 
indicating that the resistance was not purely an intrinsic property of the bulk, as assumed 
by Equation 3.12 [40]. Instead, the measured resistance included the series resistance of 
the contacts and was affected by interface states shifting the Fermi level in the vicinity of 
the contacts. A similar variation in resistivity of a factor of two has previously been 
reported for contactless CdZnTe prepared with different surface treatments [198]. 
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Figure 5.5 – Measured resistance of detectors contacted with gold chloride 
solution at 0-40°C. 
The increase in voiding and associated crystalline defects identified in Section 5.1.1 is 
believed to be the reason for the decrease in detector resistance and increase in leakage 
current. From 30 to 40°C the resistivity was measured to increase, creating an inflection 
point. This was possibly the result of the concentration or size of voids increasing beyond 
a critical level at which the void layer acted as an insulator rather than a conductor. The 
presented measurements have shown that reducing the gold chloride solution temperature 
controls the reaction rate and improves the interface quality. 
5.1.5 Interface profile and depth (XPS/FIB) 
X-ray photoelectron depth profiles were measured through the interfaces of the (111)A 
and B surfaces of detectors 0-40C (10 profiles in total). An example of one of the depth 
profiles, for the contact deposited on the (111)B surface of detector 0C, is presented in 
Figure 5.6. The chemistry of all 10 profiles were similar, with a surface gold layer on top 
of a mixed interface of gold/tellurium oxide and finally bulk CdZnTe. 
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Figure 5.6 – XPS depth profile through the contact deposited at 0°C on the 
(111)B face. The transition from surface gold layer to interface region is 
defined as the point that the gold signal is no longer dominant. The transition 
from interface to bulk is defined as the point where the tellurium signal 
reaches 95% of its maximum value. 
The time taken to etch through the surface gold layer and the time taken to reach the bulk 
were recorded during the XPS analysis to give an indication of surface layer thickness 
and total interface depth (gold layer plus oxide layer) respectively. In the profiles, the 
surface gold layer was considered to have been removed once gold was no longer the 
dominant element. The bulk was considered to have been reached once the tellurium 
concentration reached 95% of its maximum value. The definitions of surface gold layer, 
interface region and bulk are illustrated in the XPS depth profile through the contact on 
the (111)B face of detector 0C shown in Figure 5.6. 
The time taken to etch through the gold layer on the (111)A Cd-face and (111)B Te-face 
of samples 0C-40C are presented in Table 5.1 and compared with measurements made 
of the gold layer from FIB cross section images (such as those contained in Figure 5.1). 
The average gold layer thickness was calculated by measuring the gold layer at multiple 
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points across several FIB cross section images of each interface. No obvious relationship 
between the gold chloride solution temperature and the gold layer thickness was found 
for either (111) face. The reason for this was not clear. It is possible that the deposition 
rate of the gold atoms on the CdZnTe, following the disassociation of the gold chloride, 
was not as strongly influenced by the increasing solution temperature as the other 
processes occurring during the deposition (e.g. dissociation of gold chloride and oxidation 
of the interface).  
It was intended that the FIB image measurements would be used to calibrate the XPS 
depth profile gold etch rate. The average calibrated etch rate was calculated to be         
0.029 ± 0.006 nm/s (± standard error in the mean) however the contributing measurements 
contained a considerable degree of variability. This variability is likely due to damage to 
the gold surface layer during the FIB measurements. A layer of ion beam deposited 
platinum was applied to the surface of each sample prior to milling with the intention to 
protect and preserve the gold layer. It was later found that this process was not fully 
successful at protecting the surface, with slight damage to the gold layer being 
occasionally observed. This resulted in a thinning of the surface layer of certain samples. 
For subsequent experiments, where possible, a dual layer of electron beam deposited 
mixed platinum/carbon and ion beam deposited platinum was used. This process proved 
successful at preserving the gold layer topography (see Figure 6.1 for example). Despite 
the variability in the data, the measured gold layer thickness values were comparable with 
previously reported measurements following the electroless deposition of gold [60, 61]. 
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Table 5.1 – Time taken to etch through the surface gold layer of the contacts 
deposited on the (111)A Cd-face and (111)B Te-face of detectors 0-40C 
during XPS analysis compared with gold layer measurements from FIB cross 
section images. The gold layer on several samples could not be measured by 
FIB due to a mechanical fault with the ion beam platinum deposition tool 
required to protect the sample surface prior to milling. 
Sample 
(111) 
Face 
XPS Etch 
Time (s) 
FIB Average Gold 
Layer Thickness (nm) 
Etch Rate 
(nm/s) 
0C 
B 1800 ± 200 38 ± 1 0.021 ± 0.002 
A 1730 ± 70 (not measured) (not measured) 
10C 
B 1550 ± 70 78 ± 2 0.050 ± 0.003 
A 2190 ± 60 (not measured) (not measured) 
20C 
B 3670 ± 80 (not measured) (not measured) 
A 3000 ± 300 68 ± 7 0.023 ± 0.003 
30C 
B 3030 ± 70 44 ± 1 0.0146 ± 0.0004 
A 2750 ± 70 (not measured) (not measured) 
40C 
B 2200 ± 200 78 ± 1 0.035 ± 0.004 
A 2300 ± 200 (not measured) (not measured) 
A plot of the time taken to etch through the interface (surface gold layer plus oxide layer) 
and reach the bulk as a function of solution temperature is presented in Figure 5.7. It was 
consistently found that the time taken to etch through the (111)A interface and reach the 
bulk was longer than that for the (111)B interface. This will be discussed in further detail 
in Section 5.3.1. A similar linear fit was found for both (111)A and B datasets using linear 
regression. However the R-squared value of the linear regression was poor in both 
instances, R2 = 0.4 and 0.6 respectively, suggesting additional variability in the data that 
cannot be explained by the change in solution temperature. 
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Figure 5.7 – The time taken to etch through the interface and reach the bulk 
as a function of solution temperature. A linear fit has been applied to contacts 
on both (111)A and B faces. 
5.2 Deposition time 
The relationship between deposition time and gold layer thickness formed by electroless 
deposition has been investigated and is discussed in the following section. Deposition 
time was defined as the time the crystal spent immersed in the gold chloride solution. 
Three sets of CdZnTe crystals were investigated, the details of which are given Table 
5.2.  
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Table 5.2 – Details of the three sets of CdZnTe samples investigated in 
Section 5.2. 
Set Surface Finish 
Deposition 
Temperature 
1 
Mechanically polished 
+ chemo-mechanically 
polished 
30°C 
2 
Mechanically polished 
+ chemo-mechanically 
polished 
0°C 
3 
Mechanically polished-
only 
0°C 
The time taken to etch through the surface layer of gold was recorded during XPS analysis 
giving an indication of the gold layer thickness (as explained in Section 5.1.5). A plot of 
gold surface layer etch time as a function of contact deposition time is presented in Figure 
5.8 with a power function fit applied to each set of samples. The data was fit through the 
origin to reflect the boundary condition of zero gold thickness at tdep = 0. The relationship 
is expected to be further complicated by an eventual plateau in gold layer thickness, as 
has previously been reported [55]. It was found that the gold layer formation rate varied 
depending on the whether the CdZnTe surface had been chemo-mechanically polished. 
The gold layer formation rate on the chemo-mechanically polished CdZnTe (sets 1 and 
2) was related to deposition time by a power function with an exponent of ~ 0.5, in 
agreement with the square root relationship previously reported [150]. This compared 
with a smaller exponent of ~ 0.3 for gold formed on mechanically polished-only surfaces. 
The gold formation rate was initially faster on the mechanically polished-only surfaces, 
however the final layer thickness appeared to converge towards a common termination 
point. 
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Figure 5.8 – The time taken to etch through the surface gold layer following 
deposition on chemo-mechanically polished and mechanically polished-only 
surfaces as a function of deposition time (time immersed in gold chloride 
solution). The temperature of solution is indicated in brackets. The data from 
both (111) faces have been averaged. 
5.3 Surface preparation 
The effects of varying the CdZnTe surface preparation on the physical and chemical 
structure of gold contacts formed by electroless deposition have been investigated and are 
discussed in the following section. The CdZnTe surfaces were either mechanically 
polished and chemo-mechanically polished (CMP) or mechanically polished-only (MP). 
5.3.1 Interface depth (XPS/FIB) 
XPS depth profiles through contacts deposited on the (111)B Te-face and (111)A Cd- 
face of MP and CMP CdZnTe crystals are shown in Figure 5.9. These profiles are 
representative of the four MP and eight CMP crystals investigated. The time taken to etch 
through and reach the bulk CdZnTe was recorded during the XPS analysis giving an 
indication of the total interface depth (gold layer plus oxide region). The bulk was deemed 
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to have been reached once the tellurium concentration reached 95% of its maximum 
value. It was consistently found that for the eight CMP detectors tested, the interface 
formed on the (111)A Cd-face penetrated deeper into the CdZnTe crystal than the 
interface formed on the (111)B Te-face. This was illustrated in Figure 5.7 for five of the 
CMP detectors. On average, the time taken to etch through the interface formed on the 
Cd-face was 23 ± 4% longer than that through the interface on the Te-face. No such 
asymmetry was found between the interfaces formed on the two (111) faces of the four 
detectors tested with MP surfaces. The time taken to etch through the interface formed on 
the Te-face of MP detectors was found to be longer than the time taken to etch through 
the same face of CMP detectors. For the Cd-face, the difference in etch time between MP 
and CMP surfaces was negligible and within the uncertainty. 
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Figure 5.9 – Example XPS depth profiles through contacts deposited on (a) 
MP Te-face, (b) MP Cd-face, (c) CMP Te-face and (d) CMP Cd-face. 
A difference in interface depth between contacts formed by electroless deposition on the 
(111)B Te-face of MP and CMP CdZnTe was also found in the FIB interface cross section 
images. This is illustrated in Figure 5.10, where the average total interface depth was 
measured to be 137 ± 2 nm on the MP Te-face and 77 ± 2 nm on the CMP Te-face. Other 
than surface preparation, the deposition conditions were identical. The difference in 
interface depth is explained by the difference in stoichiometry of the two surfaces 
following the MP and CMP treatments.  
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Figure 5.10 – Example cross section FIB images through the gold contacts 
formed by electroless deposition on the (111)B Te-face of (a) MP and (b) 
CMP CdZnTe. The total interface depth was found to be greater and the 
interface more uniform on MP surfaces. 
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5.3.2 Role of (111) face identity (IV response) 
Mechanical polishing of CdZnTe is an abrasive process that introduces damage to the 
crystal surface that penetrates into the bulk material [199]. This mechanical damage is 
likely to degrade the definition of the (111) Te- and Cd-faces. However this does not 
explain why electroless contacts on MP surfaces produce a symmetric IV response when 
sputtered contacts on a similar surface produce an asymmetric IV response (see Figure 
5.11). It can be concluded that the innate polarity of the (111) crystal orientation is 
preserved during mechanical polishing. Instead, the corrosive nature of the electroless 
process roughens the interface and degrades the (111) face definition, which weakens the 
crystal polarity and results in the symmetric IV response of electroless contacts on MP 
CdZnTe (see Figure 5.11). 
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Figure 5.11 – A comparison of the IV response of MP and CMP CdZnTe 
detectors with contacts formed by electroless deposition at 0°C. The MP 
detector with sputtered contacts is highly asymmetric indicating that 
mechanical polishing alone does not explain the symmetry of the electroless 
contacts. The response of the CMP detector is slightly asymmetric. Both 
contacts on the sputter coated detector were deposited with identical 
parameters (target current of 100 mA for 2 min). 
5.3.3 Interface uniformity (AFM) 
The interface formed during electroless deposition was observed to be more uniform for 
MP surfaces compared with CMP surfaces. An example of this was shown in Figure 
5.10. The difference in interface uniformity after electroless deposition was thought to be 
due to differences in surface roughness prior to contact deposition. Bare MP CdZnTe was 
measured by AFM to have an RMS surface roughness of 2.9 ± 0.6 nm, compared with    
8 ± 1 nm for bare CMP CdZnTe. The CMP surface also presented an undulating 
morphology, as shown in the AFM map of Figure 5.12b, where the height of the crystal 
surface was observed to change by ~ ±50 nm over distances of ~ 20 μm. This was 
attributed to be the ‘orange peel’ effect which is commonly observed following bromine-
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in-methanol etching [200, 201]. The MP surface, shown in Figure 5.12a, presented a flat 
morphology in comparison. 
 
Figure 5.12 – AFM topography maps of (a) bare MP and (b) CMP CdZnTe 
surfaces. The fine peaks are dust particulates on the crystal surface. 
5.3.4 Subsurface damage (TEM, EDS, XPS) 
Cross section images of the interface formed by electroless deposition were taken with a 
FIB. A number of samples were found with deep subsurface features present within the 
interface, indicative of a chemical attack on the bulk. Of the three MP and three CMP 
samples investigated in this manner, all three of the later and only one of the former 
contained these features. A foil was extracted from one of the interfaces for further TEM 
and EDS analysis (see Figure 5.13). The features are characterised by a region of bright 
grains dispersed throughout the subsurface layer. An EDS line scan across one of the 
affected interfaces confirmed that these regions were dominated by the presence of gold, 
tellurium and oxygen.  
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Figure 5.13 – (a) TEM cross section image and (b) 400 nm EDS line scan 
through an electroless gold contact on CMP CdZnTe. A deep subsurface 
feature is present, along with damage to the surface gold layer associated with 
the failure to develop a continuous film over the subsurface feature. The 
broken line overlaid in figure (a) indicates the position of the EDS line scan. 
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Principal component analysis was applied to the XPS depth profile shown in Figure 5.9c, 
which was measured through one of the contacts on CMP CdZnTe that contained a 
subsurface feature. A FIB cross section image of the contact showing the subsurface 
feature is presented in Figure 5.14a and a depth profile of the PCA components though 
the contact is shown in Figure 5.14b. Two PCA components for the gold 4f peak and 
three for tellurium 3d5/2 peak were identified and are shown in Figure 5.14c and d 
respectively. The binding energy (83.8 eV) and distribution through the interface of the 
first gold 4f component was consistent with that of elemental gold. The second gold 
component was broadened and shifted by 0.4 eV to higher energies, indicating that some 
of the gold present was bound in a different chemical state. The first tellurium component 
was consistent with bulk CdZnTe and the second consistent with tellurium oxide. The 
third tellurium component was broadened and shifted by 0.3 eV to higher energies 
compared with the CdZnTe component. The distribution of this component through the 
interface appeared to track that of the second gold component, indicative of a gold 
telluride phase in this region. A localised increase in the concentration of gold and 
tellurium was also found within the EDS line scan of Figure 5.13b, between 200-250 nm. 
The photoelectron spectra for the gold 4f and tellurium 3d5/2 peaks are presented in Figure 
5.14e and f for comparison with the PCA components presented in Figure 5.14c and d. 
The binding energy of the gold 4f7/2 peak was measured to increase by 0.4 eV from its 
value of 83.8 eV in the surface gold layer (after etching for 250 s) to its values in the 
interface of 84.2 eV (after etching for 1,250 s). The tellurium 3d5/2 was also measured to 
increase by 0.4 eV from its bulk value of 572.3 eV (after etching for 6,000 s) to a value 
of 572.7 eV at the peak of the gold telluride component (after etching for 2,250 s). The 
gold telluride peak binding energy value of 572.7 eV is lower than that of elemental 
tellurium, which is 572.9 eV [156]. The positive shift of the gold binding energy and the 
negative shift of the tellurium binding energy, both relative to their pure elemental values, 
is indicative of (partial) electron transfer from gold to tellurium. This is consistent with 
the core level binding energy shifts for other metal tellurides [156]. 
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During XPS measurements a sample may become positively charged as electrons are 
ejected from the surface. This can result in a positive shift in the apparent binding energy 
of a photoelectron. If charging had been responsible for the binding energy shift observed 
during the current XPS measurements, the photoelectron peaks of all the elements would 
have been shifted. This was not observed, hence the components observed in the PCA 
analysis can be considered to be real changes in the chemical state of the elements. 
Similar subsurface features to the ones presented above were discussed in Section 4.4. 
Based on PCA analysis of XPS data these were attributed to the presence of Au/AuTe 
particulates. It is proposed that the bright grains, observed in the deep subsurface features 
within the TEM/FIB cross section images of Figure 5.13 and Figure 5.14, are also gold 
particulates with an internal composition of elemental gold and a surface composition of 
gold telluride. The gold particulates identified within the interface of the Redlen contact 
(Section 4.4) were dispersed throughout the interface suggesting a uniform deposition 
process. The features observed in the current chapter are believed to originate from a non-
uniform deposition process across the CdZnTe surface. The electroless deposition 
reaction rate will vary at locations with surface scratches and defects. Such features are 
introduced during crystal processing and handling. This effect will be more pronounced 
for CMP detectors due to the non-uniform bromine etching of these features [202]. This 
is why the localised subsurface damage and deep penetration of Au/AuTe particulates, as 
exemplified in Figure 5.13, was more often found in CMP detectors compared with MP 
detectors. 
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Figure 5.14 – (a) FIB cross section image through an electroless gold contact 
on CMP CdZnTe. A deep subsurface feature is present, along with damage to 
the surface gold layer associated with the failure to develop a continuous film 
over the subsurface feature. (b) XPS depth profile showing the distribution of 
the two gold and three tellurium PCA components, which are shown in (c) 
and (d) respectively. Au_PCA_1 and Au_PCA_2 are associated with 
elemental gold and gold telluride respectively. Te_PCA_1, Te_PCA_2 and 
Te_PCA_3 are associated with bulk tellurium, tellurium oxide and gold 
telluride, respectively. (e) Gold 4f photoelectron spectra measured within the 
surface gold layer (250 s) and at peak of gold telluride component (1,250 s). 
(f) Tellurium 3d5/2 photoelectron spectra measured within the CdZnTe bulk 
(6,000 s), at the peak of the gold telluride component (2,250 s) and at the peak 
of the oxide component (1,750 s). 
Further evidence of possible subsurface damage was found in the depth profile through 
the CMP detector shown in Figure 5.9c. Oxygen present within the interface of 
electroless contacts has generally been found to be in the form of oxide, with an O1s 
binding energy of ~ 530.5 eV. In Figure 5.9c, between ~ 1,000-2,500 s, the O1s peak was 
split with a significant shoulder-peak at a binding energy 532.3 eV. This was consistent 
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with a high concentration of OH-/H2O within the interface. The binding energy of an OH
- 
species is typically ~ 1.5 eV higher than the oxide binding energy. The H2O binding 
energy is in turn ~ 1.5 eV higher than the OH- peak. It was not possible to resolve the two 
peaks within the shoulder-peak so only a single, combined OH-/H2O peak has been fitted 
and quantified. It is proposed that OH-/H2O was incorporated in a subsurface region of 
damage, possibly similar to that shown in Figure 5.13. The O1s spectrum measured at 
1,600 s, where the OH-/H2O peak was most intense, is shown in Figure 5.15. 
 
Figure 5.15 – The oxygen O1s oxide and OH-/H2O XPS photoelectron peaks 
measured at 1,600 s through the depth profile (shown in Figure 5.9c). 
5.4 Photolithography 
The most common method of fabricating a pixel array on a semiconductor radiation 
detector is by photolithography. The following section describes efforts at RAL to 
establish a photolithography process for the pixellation of CdZnTe radiation detectors. 
As described in Section 3.1.6, there are four photolithographic methods available that 
involve combinations of positive and negative photoresist, and light and dark field masks. 
The four methods are most conveniently described in terms of the order in which the pixel 
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pattern is defined and the metal deposited. For methods A and D, planar metal contacts 
are first deposited before a pixel pattern is defined. For methods B and C, the pixel pattern 
is defined prior to metal deposition. The main benefit of depositing the metal after 
defining the pattern is that an etching step is not required to remove the metal between 
pixels. However if the metal coats the photoresist during the deposition an additional lift 
off process is required.   
All four methods have been investigated and what follows is a summary of the progress 
made with each process. The negative and positive photoresists used during the 
experiment were SU-8-2005 and AZ-9260. Both light and dark field mask designs 
consisted of a 74 × 74 array of 200 × 200 μm2 pixels with a 50 μm interpixel gap      (250 
μm pitch) and 100 μm wide guard band.  
5.4.1 Gold deposition before lithography 
Photolithography methods A and D both involve depositing planar gold contacts, 
defining/protecting a pixel array pattern using positive and negative resists respectively, 
then etching away the exposed gold between the pixels. Initially the negative SU-8 
photoresist (method D) was chosen for investigation because of its well-known chemical 
stability due to the highly cross-linked epoxy [203]. A pattern was developed with the 
SU-8 negative resist on to a silicon chip and immersed in 5% bromine-in-ethylene glycol 
for 3 min to confirm the chemical stability of the resist. No deterioration of the resist was 
observed during this test. 
5.4.1.1 Optimisation of exposure time 
The spin coating of photoresist creates beading at the edges of the substrate, where the 
resist thickness can vary by several μm. The effect of this thickness variation is a variation 
in the dose delivered across the film during exposure. This was found to be a particular 
problem when working on single die CdZnTe as critical lithographic features, such as the 
guard band, extend to the edge of the crystal. Features formed in the thicker SU-8 resist 
at the edge regions were not fully cross-linked and were found to have lower chemical 
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resistance and adhesion. This is illustrated in Figure 5.16 where the resist defining the 
guard band around the edge of a CdZnTe detector has come away and the gold underneath 
has been removed by the bromine etchant. 
 
Figure 5.16 – Optical micrograph of a corner of a CdZnTe detector with pixel 
pattern fabricated following method D. The interpixel gold has been removed 
by the bromine etchant. The red boxes highlight where the guard band and 
two pixels have been lost due to under-exposure and insufficient cross-linking 
of the thicker SU-8 resist at the crystal edges. 
To ensure the thicker resist at the edges of the crystal received a sufficient dose, the UV 
exposure time was increased. A consequence of this was the over-exposure of the central 
regions and unintentional cross-linking of the resist in the interpixel region. The interpixel 
region should have been protected by the mask however the longer exposure time lead to 
increased light scatter and diffraction, and diffusion of the cross-linking agent during the 
post-exposure bake. The cross linking agent would not ordinarily diffuse far enough to 
cross-link the masked regions but was generated in elevated concentrations due to the 
overexposure. For the negative resist, this lead to the over-sized and poorly defined 
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structures shown in Figure 5.17. As the gap between pixels decreased so their interpixel 
resistance would have decreased. The adhesion between the over exposed resist and the 
gold layer proved to be very strong. This resulted in delamination of the gold from the 
CdZnTe during the final resist stripping. Overexposure also led to a partially developed 
photoresist film remaining in the inter-pixel regions after the development rinse, as 
highlighted in Figure 5.17. 
 
Figure 5.17 – Optical micrograph of central region of CdZnTe detector after 
interpixel etching with pixel pattern fabricated following method D. Over-
exposure of the central region of the detector has led to broadening of the 
original pixel pattern and decrease in interpixel separation. A film of partially 
developed photoresist can be seen in the interpixel region. 
The exposure time was varied between the two identified extremes to determine an 
optimum that provided adequate adhesion of the resist at the edges and good definition in 
the centre of the detector after etching. The bromine etch process was the next process 
that required optimisation.  
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5.4.1.2 Optimisation of interpixel etch 
Initial attempts to etch the interpixel region with bromine proved inconsistent. The 
micrograph shown in Figure 5.18 was taken after etching with 1% bromine-in-ethylene 
glycol for 3 min. The gold removal rate was highly non-uniform and incomplete in much 
of the interpixel region. 
 
Figure 5.18 – Optical micrograph showing non-uniform and incomplete 
interpixel etching of CdZnTe detector with pixel pattern fabricated following 
method D.  
To ensure all of the interpixel gold was removed it was necessary to etch the detector for 
longer or with a stronger concentration of bromine. Such an aggressive etch was found to 
increase undercutting and gold delamination. The primary cause of the non-uniform etch 
was traced to partially developed photoresist residue/debris remaining in the interpixel 
regions after the development rinse. A film of partially developed photoresist residue was 
highlighted in Figure 5.17. Where the residue/debris was present, the etch rate would 
decrease. An optical microscope was used to measure the depth of the interpixel trench 
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of a detector with partially developed photoresist residue present in the interpixel region. 
The depth of the trench was found to vary from ~ 8 to 28 μm (see Figure 5.19). Further 
development and rinsing was not a practical solution as this increased the probability of 
resist delaminating from the pixel regions. A reactive ion etcher (RIE) was instead used 
to clean the interpixel regions. Samples were placed in the RIE chamber and exposed to 
an oxygen plasma for up to 40 min. This was sufficient to remove the interpixel debris 
without detrimentally thinning or damaging the resist protecting the pixels. An optical 
micrograph of a CdZnTe detector after successful RIE cleaning and interpixel etching is 
shown in Figure 5.20. The gold removal was found to be uniform and complete after a 3 
min etch with 5% bromine-in-ethylene glycol. The definition of the individual pixels was 
good, albeit slightly over sized, with the interpixel gap reduced to ~ 25 μm in the centre 
of the detector and ~ 35 μm at the edges of the detector. 
 
Figure 5.19 – Optical microscopy image of a ~ 500 × 500 μm2 region of a 
CdZnTe detector after interpixel etching with pixel pattern fabricated 
following method D. Image formed by acquiring sequential images whilst 
rastering the focal depth. The scale has been inverted with trenches shown in 
red/green and the surface shown in blue. 
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Figure 5.20 – Optical micrograph showing uniform and complete interpixel 
etching of CdZnTe detector with pixel pattern fabricated following        
method D.  
5.4.1.3 Interpixel resistance and passivation 
It has been reported that etching CdZnTe with bromine leaves a conductive, tellurium 
rich surface [143-145]. A conductive interpixel region may increase charge sharing and 
charge loss [165, 175]. Interpixel resistance measurements were completed to determine 
if the etching process created a conductive layer. The results were compared with those 
from chemically passivated CdZnTe detectors and are presented in Table 5.3. The 
resistance was measured and averaged between eight pairs of pixels across two detectors 
per passivation method. One of the detectors had sputtered gold contacts, the other 
electroless gold contacts. The passivation processes investigated were detailed previously 
in Table 3.1. The difference in interpixel resistance between the two detectors was small 
and suggested that the bromine etched fully through the gold surface and interface layers. 
The interpixel resistance for both detectors when left as-etched in atmosphere for 11 
weeks was 2.2 × 109 Ω. The resistance was measured to increase by a factor of 2 to 4 
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when treated with a passivation agent. These values compared with an average interpixel 
resistance of 1.7 ± 0.5 × 1011 Ω measured between pixels on a detector fabrication 
following method B. This detector was not deliberately passivated and did not require 
interpixel etching as the photoresist was deposited before gold deposition. The interpixel 
region was simply mechanically polished-only CdZnTe. 
Table 5.3 – Interpixel resistance measurements made on small pixel CdZnTe 
detectors fabricated following method D with electroless and sputtered gold 
contacts. Values reported are averages ± standard error in the mean. 
 Passivation Method 
Interpixel Resistance (× 109 Ω) 
Electroless Sputtered 
(i) 
Atmosphere 
(2 weeks) 
2.2 ± 0.8 0.7 ± 0.4 
(ii) 
Atmosphere 
(11 weeks) 
2.2 ± 0.6 2.2 ± 0.7 
(iii) 
Hydrogen peroxide 
(H2O2) 
6 ± 3 3.1 ± 0.6 
(iv) 
Sodium hypochlorite 
(NaClO) 
4.9 ± 0.6 8 ± 2 
(v) 
H2O2 followed by 
NaClO 
9 ± 2 6 ± 2 
5.4.2 Lithography before gold deposition 
Photolithography methods B and C both involve first defining a pixel array pattern using 
positive and negative resists respectively, before depositing the metal. If the gold covers 
the photoresist during deposition then an additional lift-off or resist stripping process must 
be completed. Gold deposited by electroless deposition only coats the exposed CdZnTe 
and so it is not necessary to strip the resist. Gold deposited by sputter deposition covers 
the entire detector surface and the resist must be lifted off to complete the pixellation. 
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5.4.2.1 Photoresist lift-off after gold sputter deposition 
To investigate the lift-off process, pixel patterns were defined with both positive and 
negative photoresists (AZ and SU-8 respectively) on silicon chips and sputter coated with 
gold for 2 min. The silicon chips were then immersed in N-methyl-2-pyrrolidone (NMP) 
at 50°C for up to 3 days in an attempt to lift-off the resist patterns, which were coated in 
gold. The optical micrographs taken after the lift-off process are shown in Figure 5.21. 
The negative SU-8 resist and interpixel gold was successfully removed however the gold 
pixel pads were heavily damaged. The positive AZ photoresist could not be fully removed 
and where it was removed, the gold pixel pads were also damaged. In both instances, the 
damage to the pixel pads was the result of the conformal nature of the gold coverage. It 
was concluded that sputter deposition of gold was not compatible with lithography 
methods B and C. Further trials were completed with electroless deposition only. 
 
Figure 5.21 – Optical micrographs showing damage to the gold pixel pads on 
silicon chips following photoresist lift off for lithography methods (a) B with 
positive AZ resist and (b) C with negative SU-8 resist.  
5.4.2.2 Post-lithography cleaning 
For a uniform gold layer to be formed by electroless deposition, the CdZnTe surface must 
be clean and free of chemical contamination. This is difficult to achieve after the 
photoresist has been deposited. The negative SU-8 photoresist has a high chemical 
resistance and so a trial was completed to investigate post-lithography cleaning. A pixel 
pattern was defined following method C on a CdZnTe crystal with the SU-8 resist before 
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being loaded in a Soxhlet with iso-propanol for a 5 hr rinse. Gold was then deposited by 
electroless deposition at 0°C for 3 min. A micrograph of the resulting pixel array is shown 
in Figure 5.22. It was found that the Soxhlet cleaning process loosened and partially 
delaminated the SU-8 allowing the electroless solution to penetrate under the resist and 
deposit gold in the interpixel region. For this reason, post-lithography cleaning was not 
considered to be a viable option. 
 
Figure 5.22 – Optical micrograph of a pixel array formed on CdZnTe 
following method C with the negative SU-8 photoresist after Soxhlet 
cleaning. The gold was deposited by electroless deposition and the SU-8 resist 
has not been removed.  
The positive AZ photoresist has a lower chemical resistance compared with the negative 
SU-8 resist and is easily removed by many chemical cleaning agents. This makes post-
lithography cleaning impractical. However, as the resist is a positive one, which is broken 
down by UV light, over-exposure does not have the detrimental effect it does with a 
negative resist. Extending or repeating the exposure can ensure that all of the resist 
covering the pixel pad region is broken down and, as a result, easier to remove during the 
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resist development. A detector was fabricated following method B using the positive AZ 
resist, with the gold contacts deposited by electroless deposition. Unlike when sputter 
deposited, gold deposited by electroless deposition was found to only coat the exposed 
CdZnTe in the openings of the resist. As a result, the photoresist was easily stripped after 
the gold deposition with NMP at room temperature. A micrograph of the detector after 
fabrication is shown in Figure 5.23. The pixel definition was found to be very good and 
the interpixel gap was consistent across the detector with an average of ~ 47 μm, just short 
of the target 50 μm. The interpixel resistance was measured to be  1.7 ± 0.5 × 1011 Ω; two 
orders of magnitude higher than that measured for detectors fabricated following method 
D, where interpixel etching was required. 
 
Figure 5.23 – Optical micrograph of a pixel array formed on CdZnTe 
following method B with the positive AZ photoresist. The gold was deposited 
by electroless deposition and the AZ resist has been removed.  
5.5 Summary 
The effects of prior surface preparation and gold chloride solution temperature and 
immersion time on the formation of gold contacts by electroless deposition on (111) 
orientated single-crystal CdZnTe have been investigated. The structure, chemistry and 
electronic response of the contacts have been studied using a range of characterisation 
techniques, including IV, FIB, XPS, AFM, TEM and EDS. This is the first time that the 
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effects of gold chloride solution temperature have been investigated and the first time that 
such a detailed analysis has been applied to the electroless deposition process on 
mechanically polished-only and chemo-mechanically polished CdZnTe surfaces. In 
addition, a number of competing lithographic methods have been explored to produce the 
pixellated contacts required for imaging. 
Increasing gold chloride solution temperature was found to detrimentally affect the IV 
response of the contacts formed by electroless deposition due to the formation of voids. 
The operating bias of detectors with contacts deposited at higher temperatures is limited 
by current injection through these contacts. It was concluded that a low temperature 
deposition was preferable.  
The interfaces formed on the Te- and Cd-faces of mechanically polished-only CdZnTe 
are identical and detectors fabricated this way produce a symmetric IV response. This is 
because the electroless deposition process degrades the definition of the mechanically 
polished-only (111) face. The interfaces formed on the Te- and Cd-faces of chemo-
mechanically polished CdZnTe are not identical, however, the IV response is broadly 
symmetric with a deviation from symmetry only observed at elevated field strengths. It 
is proposed that the preferential removal of cadmium by both bromine and the gold 
chloride solution results in a deeper interface at the (111)A Cd-face.  
The etched interpixel region of detectors fabricated following lithographic method D 
were measured to have a lower interpixel resistance compared with those fabricated 
following method B, even after the former had been chemically passivated. The 
uniformity and depth of etch and pixel definition were also identified as limitations of 
method D. Overall, methods B and C, where photoresist was deposited before gold 
deposition, were found to be superior, with higher interpixel resistance and better pixel 
definition. Sputter deposition was found to be incompatible with methods B and C due to 
the conformal coating formed by the gold over the photoresist so method D was followed 
to produce a detector with sputtered contacts for radiation testing (the results of which are 
presented in the following chapter). 
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Understanding the contact deposition process is of vital importance to understanding how 
a CdZnTe detector will perform. The results presented have furthered understanding of 
the contact deposition process and have led to improvements in the fabrication of CdZnTe 
detectors at RAL. The optimised fabrication processes for CdZnTe detectors with 
electroless and sputtered gold contacts is summarised in Table 5.4.  
Table 5.4 – Details of the optimised processes to fabricate small pixel 
CdZnTe radiation detector. 
 Electroless Sputtered 
Surface 
Preparation 
Mechanical polish-only  
(0.05 μm alumina) 
Mechanical polish-only  
(0.05 μm alumina) 
Deposition Time 3 min 2 min 
Deposition 
Temperature  
0 °C Room Temperature 
Lithography 
Method 
Method B (photoresist first, 
then deposit gold) 
Method D (deposit gold first, 
then etch interpixel gold) 
Interpixel Etch Not required 
3 min with 5% bromine-in-
ethylene glycol 
Interpixel 
Passivation 
Not required Required 
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6. Comparison of Electroless and Sputtered Contacts 
In Chapter 4 a characterisation methodology was introduced. This was followed in 
Chapter 5 with a study and refinement of the important parameters that affect the 
electroless deposition and detector fabrication processes. The current chapter concerns 
the characterisation of optimised electroless gold contacts and a comparison with sputter 
deposited gold contacts. The structure, chemistry and electronic response of the contacts 
have been measured by FIB, AFM, SEM, XPS and IV methods. Finally, fabricated 
CdZnTe detectors with electroless and sputter deposited gold contacts were flip-chip 
bump bonded to the HEXITEC ASIC to enable spectroscopic radiation measurements to 
be completed. 
This work represents an important phase in a programme that ultimately aims to fabricate 
small pixel CdZnTe detectors with low leakage and high uniformity in order to realise the 
intrinsic spectroscopic performance of the CdZnTe material and HEXITEC ASIC. 
Gold contacts were deposited by electroless or sputter deposition on (111) orientated 
single-crystal THM grown Cd0.9Zn0.1Te crystals with dimensions of 19.5 × 19.5 × 2 mm
3. 
The CdZnTe crystals, as supplied by Redlen, were originally 5 mm thick and                    
pre-contacted. The 5 mm crystals were diamond wire diced to form two ~ 2.5 mm crystals 
and the original Redlen contacts were removed by lapping with 3 μm alumina slurry. To 
avoid the sub-surface damage associated with chemo-mechanical polishing identified in 
the previous chapter (see Section 5.3.4), the crystals were mechanically polished-only 
(with 0.3 then 0.05 μm alumina). The detectors were configured with planar contacts on 
both (111) surfaces. The electroless gold contacts were deposited with the gold chloride 
solution held at 0°C. The low temperature deposition was found to produce contacts with 
low leakage current and a low concentration of subsurface voiding (see Section 5.1). The 
sputtered contacts were deposited with a magnetron argon sputter coater with a current of 
100 mA applied for 2 min. The fabrication process followed to produce pixellated 
detectors for bonding to the HEXTIEC ASIC is described in Section 6.4. 
 Comparison of Electroless and Sputtered Contacts  147 
 
6.1 Structural comparison 
The surface and interface structures of gold contacts formed by electroless and sputter 
deposition have been investigated and are compared in the following section. The surface 
morphology has been assessed with AFM and SEM and the interface has been imaged 
with FIB. The AFM and SEM measurements were used to compare the surface 
topography and roughness of gold, which are important variables that determine adhesion 
strength. The FIB cross section images were used to analyse the depth, physical structure 
and uniformity of the interface. The different features observed in the FIB images were 
later identified by XPS chemical analysis. 
6.1.1 Surface morphology (AFM & SEM) 
The surface morphology of gold contacts formed by electroless and sputter deposition 
were examined by AFM and SEM (see Figure 6.1). The RMS roughness of the electroless 
gold surface as measured by the AFM was 11.1 nm. This compared with an RMS 
roughness of 43 ± 5 nm for gold deposited by sputter deposition on an identically 
processed surface (Figure 6.1b). The sputter deposited gold produced a surface with 
larger, more rounded asperities (Figure 6.1d). The SEM image of the gold contact formed 
by electroless deposition shows a larger surface area compared with that of the sputtered 
gold contact. A large surface area promotes adhesion, which in this instance is 
problematic as the gold may adhere to the photoresist stronger than it adheres to the 
CdZnTe substrate. The AFM and SEM measurements provide no insight to the roughness 
or surface area of the interface between gold and CdZnTe substrate so it is not possible 
to compare directly. 
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Figure 6.1 – AFM measurements and SEM micrographs of gold contact on 
CdZnTe formed by (a) & (c) electroless and (b) & (d) sputter deposition 
respectively. 
6.1.2 Interface structure (FIB) 
A FIB cross section image through the interface of a gold contact on CdZnTe formed by 
electroless deposition is presented in Figure 6.2a and compared with a gold contact 
formed by sputter deposition in Figure 6.2b. The protective layers of ion-beam deposited 
platinum and electron-beam deposited carbon/platinum are visible at the top of the 
images. The electron-beam evaporated species had low (thermal) energies and arrived at 
the surface to form a layer which preserved the topography of the surface gold layer. The 
gold layer formed by electroless deposition exhibited a relatively rough morphology (see 
the AFM measurements of Figure 6.1a). This structure may be related to the tendency of 
gold to initially form islands during electroless deposition, rather than a continuous film 
[55]. The average thickness of the gold layer, excluding the discrete asperities, was 
measured to be 65 ± 2 nm. On average the asperities extended 54 ± 2 nm above the gold 
layer. An extended region below the surface gold layer was observed with an average 
thickness of 262 ± 6 nm. This compared with 88 ± 1 nm for the gold layer formed by 
sputter deposition. The interface between the sputtered gold surface layer and the bulk 
CdZnTe was sharp with no obvious interfacial layer. 
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Figure 6.2 – FIB cross section image of a gold contact on CdZnTe formed by 
(a) electroless and (b) sputter deposition.  
6.2 Chemical comparison (XPS) 
The chemical compositions of bare CdZnTe and the Au/CdZnTe interfaces formed by 
electroless and sputter deposition have been investigated and are compared in the 
following section. Elemental and chemical state information through the interface was 
measured by XPS argon-sputter and angle resolved depth profiling. The XPS 
measurements were used to identify the different interface layers observed in the FIB 
images of Figure 6.2.  
6.2.1 Bare CdZnTe 
Angle resolved XPS (ARXPS) measurements were made on the Te- and Cd-faces of bare, 
mechanically polished-only CdZnTe. These measurements were used to determine the 
native oxide layer thickness that existed prior to contact deposition. Four samples were 
analysed; two Te- and two Cd-terminated surfaces. Each sample was investigated at five 
sites across the surface and the results averaged. The intensities of the tellurium 3d5/2 bulk 
and oxide peaks were measured at emission angles from 25 to 59° and their ratio, R, was 
calculated. Example tellurium 3d5/2 spectra taken from the Cd- and Te-faces are presented 
in Figure 6.3. The spectra show that the relative intensity of the oxide peak (576.2 eV) 
compared with the bulk peak (572.4 eV) increases with emission angle. Also, the oxide 
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signal from the Te-terminated surface was stronger than from the Cd-terminated surface. 
Data measured above 60° was not processed to avoid complications arising from elastic 
scattering at high angles [158]. 
 
Figure 6.3 – ARXPS spectra for the tellurium 3d5/2 photoelectron emitted at 
angles from 24.9 to 47.4° from mechanically polished-only Te- and               
Cd-terminated CdZnTe surfaces. 
The oxide depths on the Te- and Cd-faces were measured by plotting Equation 3.7 with 
the measured values of R and applying a linear fit through the origin. The R0 value, 
required for the plot, was calculated by Equation 3.8 to be 1.22. Examples of the plots 
produced for the Te- and Cd-faces are shown in Figure 6.4. An oxide layer of                  
0.20 ± 0.01 nm was measured on the Te-face and a layer of 0.11 ± 0.01 nm on the             
Cd-face. The small standard-error-in-the-mean uncertainty values quoted reflect the 
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consistency of the measurements across the samples. A possible source of error that was 
not factored into the quoted uncertainty values was the calculated value of R0, which 
depended on attenuation lengths in the substrate and oxide layers calculated by an 
empirically derived equation [162]. The measured values were also comparable with the 
recommended minimum quantifiable layer thickness of ARXPS of ~ 1 monolayer             
(≈ 0.2 nm) [158]. Although the accuracy of the absolute values of the oxide layer 
thicknesses was difficult to determine, the relative difference between the oxide 
thicknesses on the two (111) surfaces was more certain. The difference in oxidation at the 
two surfaces is potentially significant for the electronic response of any contact that is 
deposited. According to the interfacial layer-thermionic-diffusion (ITD) model [67], the 
presence of an oxide layer results in a voltage drop across the interface. As the voltage 
drop increases, the current flow across the interface decreases. The oxide layer also limits 
the current flow by a factor called the transmission coefficient. The transmission 
coefficient decreases as the oxide layer thickness increases. The difference in voltage 
drops / transmission coefficients across the two (111) interfaces is likely to produce an 
asymmetric IV response.   
 
Figure 6.4 – ARXPS plots of ln[1+(R/R0)] as a function of 1/cosθ for 
tellurium 3d5/2 photoelectron emissions at angles from 24.9 to 58.6° from 
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mechanically polished-only Te- and Cd-terminated CdZnTe surfaces. The 
gradient of the linear fit through the origin is used to calculate the oxide layer 
thickness using Equation 3.7. 
6.2.2 Electroless gold contact depth profile 
X-ray photoelectron spectroscopy depth profiles through the surface and subsurface 
regions of gold contacts formed by electroless and sputter deposition are compared in 
Figure 6.5.  
 
 Comparison of Electroless and Sputtered Contacts  153 
 
 
Figure 6.5 – XPS depth profiles through gold contacts on CdZnTe formed by 
(a) electroless and (b) sputter deposition. Photoelectron spectra measured 
every 120 s. 
During the XPS depth profile measurement through the electroless gold contact, the 
tellurium 3d5/2 and oxygen 1s peaks were observed to split (see Figure 6.6). The lower 
binding energy tellurium 3d5/2 peak, observed in the range of 572.2 to 573.1 eV, 
corresponded to CdZnTe and was measured throughout the interface. The position of the 
peak shifted to higher energies nearer the interface surface. A similar shift was also 
observed in the profiles presented in Sections 4.4 and 5.3.4 and was attributed to the 
presence of gold telluride. The higher binding energy 3d5/2 peak, observed in the range of 
575.2 to 576.2 eV, corresponded to tellurium oxide and was measured from                    
1,500 to 5,500 s.  
The lower binding energy oxygen 1s peak, observed in the range of 529.5 to 530.6 eV, 
was attributed to tellurium oxide and was measured from 1,500 to 6,500 s. The higher 
binding energy 1s peak, observed in the range of 532.0 to 533.1 eV, was attributed to  
OH-/H2O species present as contamination on the surface of the gold contact. After 120 s 
of etching (one etch level) this contamination peak was removed. The variation of the 
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tellurium 3d5/2 oxide and O1s oxide peaks was related to the variation in the stoichiometry 
of the tellurium oxide through the interface. This is discussed in further detail in the 
following paragraph. A variation in the binding energy of the cadmium 3d5/2 
photoelectron peak was also observed and will be discussed later. 
 
 
Figure 6.6 – XPS photoelectron spectra measured within the interface of 
electroless gold contacts on CdZnTe. (a) Tellurium 3d5/2 peak measured after 
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etching for 3,000 and 7,000 s (within oxide layer and bulk respectively). (b) 
Oxygen 1s peak measured at the surface and after etching for 3,000 s (surface 
contamination and oxide layers respectively). The peaks have been fitted with 
a least-squares fitting algorithm (broken black lines). 
Through the tellurium oxide region (1,500 to 5,500 s) of the XPS depth profile of Figure 
6.5a, the ratio of oxygen atoms bound in an oxide state to tellurium atoms bound in an 
oxide state was measured to increase, from ~1.5 to ~6. This is shown in Figure 6.7. This 
ratio is an indication of the value of n in the general relationship TeOn, with a value of 2 
indicating a phase of TeO2 and a value of 3 indicating a phase of TeO3 or CdTeO3. The 
latter, CdTeO3, has been cited as the most stable [197, 204]. The increase in the value of 
n through this region confirmed that the oxide phase evolved through the interface. The 
TeOn stoichiometry of TeO5-6 measured after etching for ~5,000 s, where the metal 
chloride was present, was inconsistent with known oxidation states of tellurium and most 
likely resulted from the presence of oxidised chloride corrosion products. A reduction in 
the signal-to-noise ratio of the data also contributed to the elevated value of n around an 
etch time of ~5,000 s. A similar result was found for the contacts deposited by Redlen 
investigated in Chapter 4 (see Figure 4.13). The interfacial oxide layer was significantly 
more pronounced than the native oxide layer on bare CdZnTe measured by ARXPS in 
the Section 6.2.1. This confirmed that significant oxidation of the interface occurred 
during the electroless deposition process. 
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Figure 6.7 – Ratio of oxygen to tellurium in oxide form (TeOn) as a function 
of XPS depth profile etch time for a gold contact on CdZnTe formed by 
electroless deposition. 
Chlorine was measured during the XPS depth profile through the electroless gold contact, 
with a peak concentration of ~ 5 at. % after an etch time of 4,250 s (see Figure 6.5a). The 
chlorine 2p3/2 binding energy was measured to be 198.3 eV, which was consistent with a 
metallic chloride species. Organic chlorine has a 2p3/2 binding energy closer to 200 eV 
[156]. An example Cl 2p spectrum, measured after etching for 4,250 s, is presented in 
Figure 6.8 and compared with the primary component identified by PCA (see Section 
3.3.2 for details of the PCA technique). The PCA Cl 2p peaks were better resolved with 
an increased signal-to-noise ratio compared with the standard XPS photoelectron 
spectrum making quantification easier with the PCA spectrum. Chlorine was also found 
within the interface of the commercial detectors with electroless gold contacts 
investigated in Section 4.4 and has been reported previously by other authors [187-190].  
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Figure 6.8 – (a) XPS photoelectron spectrum (measured after 4,250 s with 
least squares fit of 2p1/2 and 2p3/2 peaks) and (b) primary PCA component of 
chlorine 2p measured within the interface of an electroless gold contact on 
CdZnTe.  
Using PCA it was possible to correlate the presence of chlorine, in a metal chloride state, 
with the presence of cadmium bound in a compound other than CdZnTe. This correlation 
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was consistently found across the detectors investigated in the current study. The 
cadmium 3d photoelectron spectra measured within the chloride region of the interface 
(between 2,500 to 6,000 s) and measured in the bulk (at 7,000 s) are shown in Figure 6.9 
and compared with the two PCA components identified within the cadmium 3d dataset. 
The first Cd 3d5/2 PCA component was centred at 405.0 eV and consistent with cadmium 
bound as bulk CdZnTe. The second PCA component was centred at 405.3 eV and was 
attributed to cadmium bound as cadmium chloride. The benefit of PCA in this instance is 
the ease with which a depth profile may be compiled. A standard XPS depth profile 
requires peak fitting and verification of the spectrum measured at every depth level (up 
to ~ 100 spectra per element). The PCA depth profile is formed by plotting the variation 
in intensity of multiple components that are present in a single spectrum. 
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Figure 6.9 – (a) XPS photoelectron spectra and (b) PCA components of 
cadmium 3d measured within the interface of electroless gold contacts on 
CdZnTe. The photoelectron spectra were measured after etching for 4,250 s 
(at the peak of the chloride signal) and after 7,000 s (in the bulk CdZnTe). 
The first PCA component relates to cadmium bound as CdZnTe bulk and the 
second as cadmium chloride.  
The plots presented in Figure 6.10 show the depth distributions of the chloride PCA 
component and the two cadmium PCA components for two similar detectors. The 
detectors were fabricated in an identical manner except for the deposition time. If can be 
seen from Figure 6.10 that the concentration of chlorine consistently tracks that of the 
second cadmium PCA component indicating the presence of cadmium chloride. The first 
component is consistent with cadmium bound as bulk CdZnTe. The precipitation of 
cadmium chloride within the interface occurs during electroless deposition as the 
concentration of Cd2+ and Cl- within the solution reach supersaturation levels. In Section 
5.1.1 it was shown that voiding can occur within the interface of contacts deposited by 
electroless deposition. The formation of voids was attributed to the precipitation of 
cadmium chloride however voids were not observed in the interface of the current 
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contacts (see Figure 6.2a). It was concluded that the concentration of cadmium chloride 
in the current contacts was low enough to avoid any deleterious effects. 
 
Figure 6.10 – XPS depth profile through two gold contacts on CdZnTe 
formed by electroless deposition showing the distributions of chlorine and 
two components of cadmium found using PCA. The first cadmium PCA 
component relates to cadmium bound as bulk CdZnTe and the second relates 
to cadmium bound as cadmium chloride. The upper plot is from a detector 
immersed in gold chloride solution for 10 min and the lower plot from a 
detector immersed for 3 min. 
The XPS profile of Figure 6.5a confirmed that the extended subsurface region of the 
electroless contact, shown in Figure 6.2a, primarily comprised of tellurium oxide directly 
below the surface gold layer, followed by metal chloride intermixed with tellurium oxide 
at lower depths. The gold profile indicated that a long diffusion tail extending through the 
tellurium oxide / metal chloride region was present in addition to the discrete surface 
layer. A similar result was found for the commercially produced electroless gold contacts 
discussed in Section 4.4 which resulted from the presence of gold particulates dispersed 
within the metal oxide region. A depletion of cadmium relative to tellurium (Tebulk + 
Teoxide) was measured within this extended region. This is explained by the greater 
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difference in standard potential ΔE0 for the reaction between cadmium and gold chloride, 
compared with the reaction between tellurium and gold chloride. This resulted in the 
preferential dissolution of cadmium from the CdZnTe substrate into the solution during 
the electroless deposition. The two competing reactions were stated previously in 
Equation 3.3 and Equation 3.4 respectively. 
6.2.3 Sputtered gold contact depth profile 
The XPS depth profile shown in Figure 6.5b was taken through a sputter deposited gold 
contact. The CdZnTe surface was processed in an identical manner prior to deposition to 
that of the electroless gold contact investigated in the previous section. The interface 
between the surface gold layer and the bulk CdZnTe was sharper compared with the 
interface formed during electroless deposition. The tellurium 3d5/2 and oxygen 1s 
photoelectron spectra measured in the middle of the interface at an etch time of 3,100 s 
are presented in Figure 6.11. No evidence of tellurium oxidation was found in either 
spectrum. The difference in interface oxidation between the sputtered and electroless gold 
contacts is likely to lead to a significant difference in electronic response. This is 
discussed further in Section 6.3. 
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Figure 6.11 – XPS photoelectron spectra measured within the interface of 
sputtered gold contacts on CdZnTe. (a) Tellurium 3d5/2 peak and (b) oxygen 
1s peak, both measured from the centre of the interface after etching for   
3,100 s. There is no evidence of oxidation in either spectrum. The peaks have 
been fitted with a least-squares fitting algorithm (broken black lines). 
Based on the gold etch rate calculated in Section 5.1.5 and a calibration test on a gold 
sputter-coated glass slide, etching for 120 s would have removed ~ 3 nm of gold. If an 
oxide layer of a few nanometers in thickness had been present, it would have been 
difficult to detect with the relatively long etch time of 120 s per level used during the 
experiment. Four additional depth profiles with performed with a shorter etch time of 5 s 
per level (equating to the removal of ~ 0.1 nm of gold per level). This is in the order of 
the native oxide thickness on bare CdZnTe measured by ARXPS in Section 6.2.1. To 
reduce the measurement time the top ~ 25 nm of gold was removed with an initial        
1,100 s etch. One of the measured profiles is shown in Figure 6.12. Again no evidence 
of oxidation was found within the tellurium 3d5/2 or oxygen 1s photoelectron spectra at 
any point through the four additional profiles. The XPS technique is surface specific and 
the detection of a material that may only be present as a surface monolayer (~ 0.2 nm or           
~ 2% of the total analysis volume) on a substrate is routine [205]. It is unlikely that the 
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argon sputtering would have etched the surface evenly (to within a monolayer). An 
uneven etch would effectively reduce the concentration of the surface species as it is 
measured. It is possible that the effective concentration of the oxide being measured fell 
below the sensitivity of the XPS instrument due to this uneven etch. It is also possible 
that the 5 s etch time was too coarse to identify the oxide layer below the surface 
contamination layer. It was assumed that gold sputter deposition process itself would not 
have removed the native oxide from the CdZnTe surface due to the low energy of gold 
atoms arriving at the substrate. 
 
Figure 6.12 – XPS depth profile through a gold contact on CdZnTe formed 
by sputter deposition with finer depth resolution. Photoelectron spectra 
measured every 5 s. The contact was initially etched for 1,100 s to remove the 
top ~ 25 nm of gold. 
6.3 Electronic response (IV & IV(T)) 
The room temperature (290 K) IV response of a typical CdZnTe detector with gold 
contacts fabricated by electroless deposition is presented in Figure 6.13 and compared 
with a detector diced from the same CdZnTe crystal with gold contacts formed by sputter 
deposition. For both measurements, the bias was applied to the contact deposited on the 
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Te-face and the current was read from the contact deposited on the Cd-face. At a field 
strength of -2,000 V.cm-1 the detector with electroless contacts produced a leakage current 
of -2.7 nA.cm-2. This is equivalent to -1.7 pA per 250 μm2, well within the specified 
tolerance of the HEXITEC ASIC of 50 pA per channel and is suitable for high resolution 
spectroscopic applications. The detector with sputtered contacts produced a comparably 
low negative bias leakage current of -4.4 nA.cm-2 at -2,000 V.cm-1. The positive bias 
leakage current produced by the detector with sputtered contacts was significantly 
elevated and would be sufficient to degrade the spectral resolution of the detector if 
operated with a positive bias or if the detector was mounted in the reverse configuration. 
Both detectors exhibited high room temperature resistivity; 5.1 ± 0.4 and                            
2.73 ± 0.06 × 1010 Ω.cm for the detector with electroless and sputtered contacts 
respectively, as calculated using Equation 3.12. Despite the two detectors being diced 
from the same crystal, their resistivity values differed by a factor of ~ 2. This was the 
result of additional series resistance introduced by the contacts. 
 
Figure 6.13 – Typical room temperature IV response of CdZnTe detectors 
with gold contacts formed by electroless and sputter deposition. Insert: Low 
voltage regime. 
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The leakage current response of the detector with electroless contacts was symmetric and 
produced a characteristic “S-bend” [68], with Ohmic behaviour below ±1 V.cm-1. The 
leakage current response of the detector with sputtered contacts also produced an S-bend, 
however the response was asymmetric with the low voltage Ohmic region extending from 
-3 to +200 V.cm-1. The behaviour of both detectors outside of this low voltage regime is 
better understood with reference to the log-log IV plots shown in Figure 6.14. The 
negative bias response of both detectors between -30 and ~ -200 V.cm-1 followed a ~ V1/2 
dependency, indicating that thermal generation of carriers in the expanding depletion 
region was the dominant leakage current mechanism in this voltage range (as explained 
in Section 3.4.2) [163, 164]. At -200 V.cm-1, the voltage dependency switched to ~ V1, 
with a quasi-Ohmic response extending to -2,000 V.cm-1. A quasi-Ohmic response is one 
where resistance R is linearly proportional, but not equal, to V/I. For a true Ohmic 
response, Equation 3.13 must stand. The change in voltage dependency indicated that 
full depletion had been reached at this voltage; VDepletion. The positive bias response of the 
detector with electroless contacts matched the negative bias response. The positive bias 
response of the sputter contacted detector above +200 V.cm-1 followed a ~ V1/2 
dependency with no clear transition to a V1 dependent region. At the highest applied 
positive bias (not shown in the plot), the voltage dependency of the leakage current 
increased rapidly from V0.5 to V1.5. This suggested that injection from the contacts or even 
dielectric breakdown occurred soon after the detector became fully depleted. If 
breakdown had occurred, it is likely to have been located along the edge surfaces of the 
CdZnTe [49]. 
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Figure 6.14 – Log-log room temperature (290 K) IV plots from CdZnTe 
detectors with (a) electroless and (b) sputtered gold contacts for both positive 
and negative bias. The depletion voltage VDepletion was determined from the 
crossover point of the two VX fits applied to each data set.  
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6.3.1 Barrier height measurements 
The leakage currents measured within the quasi-Ohmic regions identified above in 
Figure 6.14 were diffusion limited. The effective barrier height between the contact and 
bulk CdZnTe is related to the diffusion limited current according to Equation 3.18. It is 
possible to calculate the effective barrier height by forming an Arrhenius plot of the 
temperature dependency of the leakage current at a fixed voltage within the diffusion 
limited regime. The gradient of the Arrhenius plot is equal to qEa/1000k, where Ea is the 
activation energy of the process and in this case is equal to the effective barrier height. 
The temperature dependent IV measurements in the range of 260 to 340 K made on the 
CdZnTe detectors with electroless and sputtered gold contacts are shown in Figure 6.15. 
The leakage current measurements required for the Arrhenius plot were made at a fixed 
voltage located within the quasi-Ohmic region over the range of temperatures 
investigated. The chosen voltages are identified by the vertical dotted lines in              
Figure 6.15. 
 
 Comparison of Electroless and Sputtered Contacts  168 
 
 
 
 Comparison of Electroless and Sputtered Contacts  169 
 
 
Figure 6.15 – Log-log temperature dependent (260 to 340 K) IV plots for 
CdZnTe detectors with (a) & (b) electroless contacts under positive and 
negative bias and (c) & (d) sputtered contacts under positive and negative bias 
respectively. The dotted vertical lines indicate the voltage (within the quasi-
Ohmic region) at which the current measurements were extracted to form the 
Arrhenius plot used to determine the effective barrier height. 
The Arrhenius plots for the detectors with electroless and sputtered contacts under 
positive and negative bias are shown in Figure 6.16.  A linear fit has been applied to each 
plot and the gradient was used to calculate the effective barrier height. The effective 
barrier heights of the detector with electroless contacts for negative and positive bias were 
similar, with values of 0.83 ± 0.02 and 0.78 ± 0.04 eV respectively. The effective barrier 
height of the detector with sputtered contacts for negative bias was 0.78 ± 0.02 eV and 
similar to the electroless contacts. The effective barrier height of the detector with 
sputtered contacts for positive bias was lower at 0.64 ± 0.02 eV. Other authors have 
reported barrier heights in the range of 0.46-0.9 eV for electroless gold [66, 72, 206] and 
0.73-0.95 eV for sputtered gold [72, 207, 208] contacts on high resistivity CdZnTe. 
Drawing comparisons with published results is, however, difficult due to the many 
unknown surface preparation and deposition parameters associated with each study. 
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Figure 6.16 – Arrhenius plots of leakage current as a function of temperature 
(260 to 340 K). 
Each barrier height measurement presented in Figure 6.16 was related to one of the eight 
barriers across the Au/CdZnTe/Au detector system. The eight barriers consist of barriers 
for both carriers (electrons and holes) in both directions (in to and out of the 
semiconductor) at both contacts (gold on the Te- and Cd-face). See Section 2.2.3 for 
further details. By making a series of simple arguments and referring to the barrier heights 
predicted by the Schottky-Mott (S-M) theory, it is possible to infer which barrier each 
measurement related to. Firstly, the four barriers related to electron and hole transfer from 
the semiconductor into the metal at both contacts may be disregarded. This is because 
under sufficient bias the collecting contacts will be Ohmic and the electric field will 
prohibit carriers from entering the opposite contact. The leakage current flowing through 
the detector will be limited due to the barriers faced by electrons and holes entering the 
CdZnTe from the gold contacts. The n- or p-type nature of the leakage current will depend 
on the relative heights of these barriers due to the intrinsic high resistivity of the material. 
According to the S-M theory, the electron and hole barrier heights should be 0.80 and 
0.77 eV respectively. This assumes a perfect gold contact on high resistivity Cd1-xZnxTe 
with the Fermi level pinned near mid-bandgap (Eg = 1.57/2 eV for x = 0.1 [110]) due to 
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the compensation of acceptors and donors [13]. The barrier heights measured for the 
electroless contacts under positive and negative bias, and the sputtered contacts under 
negative bias are comparable with those predicted by S-M. The barrier height for the 
sputtered contacts under positive bias is lower than either the electron or hole barrier 
height predicted by S-M. What follows is a closer examination of the four barrier heights 
measured under positive and negative bias (applied to the contact on the Te-face) to 
determine which of the remaining four possible barriers each measurement related to.  
Electroless – Positive bias (0.78 ± 0.04 eV) 
Although the measured barrier height agreed well with both electron and hole barrier 
heights predicted by S-M, the theory took no account of the significant CdTeO3 layer 
measured at the interface of either Te or Cd-faces (see Figure 6.5a). It was proposed by 
Zha et al. [58] that a CdTeO3 layer would create a large barrier for electrons entering the 
CdZnTe from the gold contact but not hinder the transport of holes. This is due to the low 
electron affinity of CdTeO3, as illustrated in Figure 6.17. It is the presence of the CdTeO3 
layer, which is always observed with electroless contacts, that creates a consistent barrier 
height for these contacts. It is concluded that the barrier height measured under positive 
bias was related to the barrier faced by holes entering the semiconductor from the 
positively biased contact on the Te-face of the crystal. 
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Figure 6.17 – Model of Au/CdTeO3/CdZnTe system proposed by Zha et al. 
[58]. The barrier experienced by electrons entering the semiconductor 
through the CdTeO3 interfacial layer from the metal is much greater than that 
experienced by holes. Image © ACS. 
Electroless gold – Negative bias (0.83 ± 0.02 eV) 
As with the Te-face, a CdTeO3 layer was measured within the interface of the 
mechanically polished-only Cd-face following electroless deposition (see Figure 5.9b). 
As such the model proposed by Zha et al. [58] would again apply and the barrier height 
measured under negative bias related to the transfer of holes from the Cd-face into the 
semiconductor. This barrier was slightly greater than that predicted by S-M and greater 
than the barrier at the Te-face. An n-type layer in the CdZnTe below the CdTeO3 layer 
may explain this increase in barrier height. The XPS depth profile through the electroless 
contact shown in Figure 5.9b confirmed the presence of chlorine and oxygen close to the 
interface with the bulk CdZnTe. Chlorine is a known donor dopant of CdTe [48, 112] and 
oxygen has been proposed as an amphoteric dopant of CdTe, which may act as a donor 
or acceptor to compensate the majority carrier [209, 210]. The diffusion of chlorine or 
oxygen into the bulk CdZnTe would have created an n-type layer.  
Sputtered gold – Positive bias (0.64 ± 0.02 eV) 
The barrier measured for the sputter contacted detector under positive bias was lower than 
both electron and hole barrier heights predicted by S-M. Two scenarios may explain this: 
If the measured barrier was an electron barrier (at the Cd-face), an n-type layer at the Cd-
face would explain the reduced height. If the measured barrier was a hole barrier (at the 
Te-face), a p-type layer at the Te-face would explain the reduced height. Morton et al. 
[66] proposed that the diffusion of gold into the bulk would create a thin π-layer and 
calculated that a doping density of 109-10-11 cm-1 would raise the valence and conduction 
bands in the contact region of the semiconductor. The increase in the valence band would 
decrease the barrier faced by holes entering the semiconductor. The XPS depth profiles 
though sputtered contacts shown in Figure 6.5b and Figure 6.12 appeared to show a 
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sharp interface between the contact and the bulk. However the junction was not fully 
abrupt and the tail of the gold signal was measured to penetrate into the CdZnTe bulk. 
This tail may have been the result of surface roughness and non-uniformity or it may have 
been due to diffusion of gold into the bulk as suggested by Morton et al. It was not 
possible to determine if this gold penetration was greater at the Te-face due to the error 
associated in etch rate. It is also not clear why gold would preferentially diffuse into the 
Te-face. Alternatively, it is proposed that an n-type layer existed at the Cd-face and that 
the measured barrier height related to the barrier faced by electrons entering the 
semiconductor from the contact at the Cd-face. The Cd-face is inherently Cd-rich and will 
act as an n-layer through the effective presence of tellurium vacancies VTe and cadmium 
interstitials Cdi [211, 212]. The native oxide measured by ARXPS on the Cd-face 
constituted less than a monolayer (i.e. incomplete or island coverage) and appears to have 
not introduced an additional barrier to the transfer of electrons into the CdZnTe. 
Sputtered gold – Negative Bias (0.78 ± 0.02 eV) 
The barrier height measured under negative bias was in good agreement with both 
electron and hole barrier heights predicted by S-M. Two scenarios were suggested to 
explain the reduced barrier measured under positive bias; an n-layer at the Cd-face or a 
p-layer at the Te-face. It was proposed that an n-layer at the Cd-face was more probable. 
An n-layer at the Cd-face would increase the barrier for holes entering the CdZnTe from 
the contact on the Cd-face. This was not reflected in the measured barrier height. It is 
proposed that the barrier height measured under negative bias relates to the barrier faced 
by electrons entering the CdZnTe from the contact on the Te-face. It would be expected 
that the Te-face would act as p-layer with the effective presence of cadmium vacancies 
VCd and tellurium interstitials Tei, in a similar manner to the Cd-face acting as an n-layer 
[211, 212]. However the presence of a native oxide (TeO2) monolayer, as measured by 
ARXPS (see Section 6.2.1), would have acted as a small, additional barrier for both 
electrons and holes entering the CdZnTe through the contact on the Te-face. This 
additional barrier would have compensated for the intrinsically p-type nature of the Te-
face. 
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A summary of the IV results is presented in Table 6.1. Both detectors can be described 
as having back-to-back blocking contacts. The detector with electroless contacts have   ~ 
symmetric effective barrier heights, compared with the asymmetric effective barrier 
heights of the sputtered contacts.  
Table 6.1 – Summary of the electronic properties of electroless and sputtered 
gold contacts extracted from IV measurements. 
 Electroless Sputtered 
Resistivity 
(Ω.cm) 
5.1 ± 0.4 × 1010 2.73 ± 0.06 × 10
10 
Depletion voltage  
(V at 290 K) 
60 
(positive) 
 
40 
 (negative) 
n/a 
(positive) 
 
60a 
 (negative) 
Leakage current  
(nA.cm-1 at -2,000 V.cm-1) 
2.7 4.4 
Effective barrier height 
(eV) 
ϕp = 0.78 ± 0.04 
(positive) 
 
ϕp = 0.83 ± 0.02 
(negative) 
ϕn = 0.64 ± 0.02 
(positive) 
 
ϕn = 0.78 ± 0.02 
(negative) 
a Valued interpolated from measurements made at 260-280 and 300-340 K. 
The actual value measured at 290 K (20 V) was considered an outlier. 
6.4 Radiation measurements with HEXITEC 
Two small pixel CdZnTe detectors were fabricated and flip-chip bump bonded to the 
HEXITEC ASIC for X/γ-ray testing. One detector had electroless gold contacts and the 
other sputtered gold contacts. The (111)A Cd-face of the crystal was patterned with a 250 
μm pitch 74 × 74 pixel array and a guard band structure. A planar gold contact was 
deposited on the (111)B Te-face. Radiation measurements of a 241Am source were 
completed following the method described in Section 3.5.2. The two fabricated detectors 
are shown in Figure 6.18 before being bonded to the ASIC. 
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Figure 6.18 – Photographs of small pixel CdZnTe detectors with gold 
contacts formed by (a) electroless and (b) sputter deposition before bonding. 
As described in Section 5.4, it was not possible to compare detectors fabricated following 
the same lithographic process. The detectors with electroless contacts that were fabricated 
following method D with negative photoresist / dark field mask had many low gain pixels, 
possibly due to SU-8 residue on the contacts. Also, methods B and C with negative 
photoresist / light field mask or positive photoresist / dark field mask were found to be 
incompatible with sputter deposition. This was due to the conformal gold coating 
hindering the photoresist lift off process. As a result the two detectors were fabricated 
following different photolithography methods. 
The detector with sputtered contacts was fabricated following the negative photoresist / 
dark field mask lithographic process (method D) described in Section 5.4.1. A magnetron 
argon sputter coater was used to deposit the sputtered contacts. 
The detector with electroless contacts was fabricated following the positive photoresist / 
dark field mask lithographic process (method B) described in Section 5.4.2. The gold 
chloride solution was cooled to 0°C and the crystal immersed for 3 min to deposit the 
electroless contacts. 
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6.4.1 Energy resolution   
Spectroscopic measurements of the 241Am source were completed with the HEXITEC 
CdZnTe detectors with electroless and sputtered gold contacts. The measured spectra 
were corrected for charge sharing, which involved removing events where one or more 
of the four nearest neighbours recorded an event in the same frame [78]. The 241Am source 
activity was sufficiently low and distance from the detector was sufficiently far to ensure 
that the probability of multiple 59.54 keV photons being absorbed in the same pixel, or 
in neighbouring pixels, in a single frame was negligible. The operating bias of each 
detector was determined by a preliminary IV measurement following the method 
described in Section 3.5.2. The detector with electroless contacts was operated at -750 V 
and the detector with sputtered contacts at -700 V. 
Example single pixel spectra demonstrating the best and modal FWHM energy 
resolutions measured at the 59.54 keV photopeak for the detectors with electroless and 
sputtered gold contacts are presented in Figure 6.19 and Figure 6.20 respectively.  
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Figure 6.19 – Examples of (a) the best and (b) the modal single pixel spectra 
measured across the 74 × 74 pixels of the CdZnTe HEXITEC detector with 
electroless gold contacts exposed to a 241Am point source. Measurements 
were made for 2 hr at 4.5°C with a bias of 750 V. The resolvable X/γ lines 
have been identified in (b). 
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Figure 6.20 – Examples of (a) the best and (b) the modal single pixel spectra 
measured across the 74 × 74 pixels of the CdZnTe HEXITEC detector with 
sputtered gold contacts exposed to a 241Am point source. Measurements were 
made for 1 hr at 11°C with a bias of 700 V. 
Histograms of the FWHM values measured across all pixels of both detectors are shown 
in Figure 6.21. For the detector with electroless contacts, the best performing pixel 
demonstrated a FWHM resolution of 560 eV and the distribution was centred around 1.2 
keV with a standard deviation of 0.4 keV. 50% of pixels produced a FWHM better than 
1.7 keV. The authors are not aware of a FWHM at 59.54 keV lower than 560 eV being 
reported for CdTe or CdZnTe. The best reported performance comes from the XR-100T-
CdTe detector from AMPTEK, which consists of a planar 3 × 3 × 1 mm3 Acrorad CdTe 
detector connected to an AMPTEK preamplifier with rise time discrimination to correct 
for hole trapping [213]. The AMPTEK detector boasts a typical FWHM at 59.54 keV of 
600 eV. HEXITEC CdZnTe detectors do not require rise time discrimination as they 
benefit from the small pixel effect. The spectra measured with the HEXITEC CdZnTe 
detectors displayed a small degree of low energy tailing however this was likely related 
to incomplete collection of electrons due to trapping and electric field effects as much as 
the incomplete collection of holes. The shoulder extending for ~ 2 keV below the 59.54 
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keV photopeak in Figure 6.19a was a result of the charge sharing discrimination 
algorithm missing shared events where a fraction of charge less than the low energy 
threshold (~ 2 keV) of the pixel was shared with a neighbour [78]. 
For the detector with sputtered contacts, the best performing pixel demonstrated a FWHM 
resolution of 1.5 keV and the FWHM distribution was centred on 3.9 keV with a standard 
deviation of 0.9 keV. 50% of pixels produced a FWHM better than 4.4 keV. The 
photopeaks in the spectrum with 3.9 keV FWHM showed signs of tailing towards lower 
energies. This may have been due to crystal defects and impurities trapping charge, 
possibly related to the use of an insufficient bias to achieve full charge collection. The 
field strength of -3,500 V.cm-1 used in the current work is typically sufficient for complete 
charge collection in CdTe / CdZnTe detectors [98]. It was not feasible to increase the bias 
due to the exponential increase in leakage current and reduction in leakage current 
stability observed at higher biases.  
 
Figure 6.21 – The distribution of FWHM values of the 59.54 keV 241Am   γ-
ray photopeak for all 74 × 74 pixels of CdZnTe HEXITEC detectors with 
electroless (blue) and sputtered (red) gold contacts. The right hand axis shows 
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the cumulative number of pixels as a function of FWHM (broken lines). The 
dotted lines mark the FWHM values attained by 50% of pixels. 
6.4.2 Detector uniformity and pixel yield   
The FWHM, peak position and peak counts of the 59.54 keV gamma emission were 
calculated for all 74 × 74 pixels using a MATLAB script and the results are presented in 
Figure 6.22, Figure 6.23 and  
Figure 6.24 respectively. 
 
Figure 6.22 – The FWHM of the 59.54 keV γ-ray photopeak for all 74 × 74 
pixels of CdZnTe detectors with (a) electroless and (b) sputtered contacts. 
Dead pixels and pixels with a FWHM > 6 keV are shown as dark red. 
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Figure 6.23 – The centroid channel position of the 59.54 keV γ-ray photopeak 
for all 74 × 74 pixels of CdZnTe detectors with (a) electroless and (b) 
sputtered gold contacts. The scale of each plot has been centred on the average 
channel position and extends proportionately over the same range; 515 ± 100 
and 185 ± 50 channels respectively. Dead or severely low gain pixels are 
shown as dark blue. 
 
Figure 6.24 – The number of counts in the 59.54 keV γ-ray photopeak for all 
74 × 74 pixels of CdZnTe detectors with (a) electroless and (b) sputtered gold 
contacts. The acquisition time for the detector with electroless contacts was 2 
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hr, twice as long as that for the detector with sputtered contacts. The scale of 
each plot has been adjusted accordingly.  
6.4.3 Pixel yield 
The detector with sputtered contacts was found to have 790 non-spectroscopic pixels. 
This represented 14% of the total 5,476 pixels. This compared with 193 (4%) non-
spectroscopic pixels for the detector with electroless contacts. Pixels were considered to 
be non-spectroscopic according the definition specified in Section 3.5.3 and included 
pixels dominated by electronic noise, with extremely low counts or low gain, or pixels 
with no discernible spectrum. For imaging applications, spectra from such pixels would 
likely be disregarded and the image interpolated from neighbouring pixels [214]. These 
pixels appeared as dark red pixels in the FWHM distribution maps of Figure 6.22 and as 
dark blue pixels in the centroid position maps of Figure 6.23.  
As set out in Section 3.5.3, there are many possible reasons for degraded pixel 
performance. It was not possible to determine if either of the contacting methods, sputter 
or electroless deposition, was likely to produce more or less non-spectroscopic pixels as 
the two detectors investigated were pixellated following different lithographic methods. 
The pixellation of the detector with sputtered contacts involved etching away the gold 
from the interpixel channel with bromine-in-ethylene glycol. The bromine etchant 
produced a trench several μm into the CdZnTe bulk. The interpixel resistance 
measurements presented in Section 5.4.1 on detectors fabricated under similar conditions 
indicated that etched interpixel channels had a lower resistance than non-etched bare 
CdZnTe interpixel channels. Even when the etched interpixel channel was passivated the 
resistance was still over an order of magnitude lower than the non-etched channel. A low 
interpixel resistance can lead to charge drifting towards the crystal surface between pixels 
and not being funnelled towards and collected by the pixel contact [176]. It was also not 
possible to determine the uniformity of the etch across the pixel array. A variation in 
defect density and resistance along the interpixel trenches may have resulted in localised 
perturbations in the electric field that detrimentally affected the spectroscopic response 
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of certain pixels. It was also identified that undercutting and subsequent peeling of the 
gold pixel contact is possible during interpixel etching. A further issue identified with the 
negative photoresist / light field mask lithographic method was the possibility of residual 
photoresist remaining on the pixel after the photoresist lift off. As discussed in Appendix 
B.9, this may feasibly reduce the gain of a pixel to the point that the 59.54 keV photopeak 
is no longer in the range of channels specified in the MATLAB calibration algorithm. 
Such low gain pixels may present good energy resolution but may be rejected by the 
algorithm as “non-spectroscopic” (see Figure B.8). The detector with electroless contacts 
did not require interpixel etching. As such the interpixel channels were likely to have 
better uniformity and higher resistance. The detector with electroless contacts also did not 
require photoresist to be deposited on the gold pixel contacts and so residue was less 
likely to be present. It is for these reasons that the detector with sputtered contacts was 
found to have significantly more non-spectroscopic pixels compared with the detector 
with electroless contacts. 
6.5 Summary 
Gold contacts deposited by electroless deposition on (111) orientated single-crystal 
CdZnTe have been investigated. The structure, chemistry, electronic and spectral 
response of the contacts have been measured following a multi-technique characterisation 
approach, including AFM, SEM, FIB, XPS and IV methods. The results have been 
compared with those obtained from a similar analysis of gold contacts formed by sputter 
deposition. 
It was found that the electroless deposition of gold onto mechanically polished CdZnTe 
formed a deep interface comprising of a surface gold layer on top of a graded 
oxide/chloride interfacial layer. The interface formed by sputter deposition was much 
simpler, with a smother interface between the surface gold and bulk CdZnTe. 
The detector with electroless contacts can be described as two back-to-back diodes with 
a series resistance in between. The electroless deposition process effectively degrades the 
definition of the (111) face on mechanically polished-only CdZnTe and so the structure 
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and IV response of these contacts is symmetric. This compares with sputter deposition 
which preserves the (111) face definition and produces an asymmetric IV response. 
The barrier heights measured under positive and negative bias were consistent with the 
hole barrier height predicted by the Schottky-Mott theory for the detector with electroless 
contacts. This was due to the presence of a deep CdTeO3 layer which acts as a large barrier 
to electrons entering the CdZnTe but not holes. The barrier height measured under 
positive bias applied to the sputter deposited contact was lower than that predicted by 
Schottky-Mott. It was proposed that the inherent n-type nature of the Cd-face, through 
the effective presence of tellurium vacancies VTe and cadmium interstitials Cdi, was 
responsible for lowering the electron barrier. The barrier at the sputtered gold contact 
measured under negative bias was controlled by the native oxide on the Te-face, which 
compensated for the inherent p-type nature of this face. 
The detector with contacts formed by electroless deposition was measured to produce a 
superior spectral response compared with the detector with sputtered contacts. The best 
performing pixel displayed a FWHM energy resolution of 560 eV at 59.54 keV, 
comparable to the best reported in the literature. This compared with 1.5 keV for the 
detector with sputtered contacts. The uniformity and pixel yield was also higher for the 
detector with electroless contacts. The interpixel etching, which was required to pixellate 
the detector with sputtered contacts, was the cause of the reduced yield of spectroscopic 
pixels in this detector. For the detector with electroless contacts, it was not necessary to 
etch the interpixel region and as a result the pixel yield was better. 
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7. Conclusions and Future Work 
The aim of the current work was to develop a process for the fabrication of small pixel 
CdZnTe X-ray imagers. Contact deposition was identified as a key stage of the fabrication 
process and a strong emphasis was placed on investigating this. In Chapter 4 a 
characterisation methodology was developed that allowed the structure, chemistry and 
electronic response of the metal-semiconductor interface formed between the metal 
contact and bulk CdZnTe to be analysed. In Chapter 5 this methodology was applied to 
contacts deposited under varying conditions, such as deposition temperature and CdZnTe 
surface preparation. The deposition process was refined as a result. The lithographic 
process used to define the pixel array was also systematically investigated and improved 
during this work. Finally, in Chapter 6 a comparison was presented between gold 
contacts formed by sputter and electroless deposition. This comparison included radiation 
measurements with a small pixel (250 μm pitch) CdZnTe detector with electroless gold 
contacts that produced a world leading energy resolution for a single pixel of 560 eV at 
59.54 keV. 
7.1 Conclusions 
In Chapter 4 commercially available CdZnTe detectors fabricated by Redlen 
Technologies were investigated. This work had two important outcomes. The first was 
the development of a multi-technique characterisation methodology and the second was 
an improved understanding for Redlen of their detector fabrication process. The contacts 
were formed by electroless deposition on mechanically polished-only CdZnTe. The 
deliberate asymmetric construction of the Au/In/CdZnTe/Au detectors produced 
asymmetric IV and spectral responses. The leakage current was reduced and energy 
resolution improved when the planar Au/In contact, deposited on the (111)B face, was 
negatively biased and the signal measured from the opposite contact. 
The characterisation methodology developed for the analysis of the commercial detectors 
was applied in Chapter 5 to contacts deposited at RAL. The aim of this work was to 
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understand the important deposition parameters and refine the electroless deposition 
process. The effect of varying the gold chloride solution temperature was investigated for 
the first time. Increasing solution temperature was found to detrimentally affect the IV 
response of the contacts formed by electroless deposition due to the formation of voids. 
The operating bias of detectors with contacts deposited at higher temperatures is limited 
by current injection through these contacts. It was concluded that deposition at a reduced 
temperature is preferable. The interfaces formed on the Te- and Cd-faces of mechanically 
polished-only CdZnTe were found to be identical and detectors fabricated this way 
produced a symmetric IV response. This is because the electroless deposition process 
degraded the definition of the mechanically polished-only (111) face. The interfaces 
formed on the Te- and Cd-faces of chemo-mechanically polished CdZnTe were not 
identical with a deeper interface measured at the Cd-face. This was the result of the         
Cd-face twice being preferentially etched; first by the bromine-in-methanol and second 
by the gold chloride solution. However this did not translate into an asymmetric IV 
response. A deviation from symmetry was only observed at elevated field strengths. The 
interface uniformity of mechanically   polished-only CdZnTe was found to be better 
compared with that for chemo-mechanically polished CdZnTe. For this reason it was 
decided to proceed with the mechanical polishing-only process for subsequent detectors. 
Several photolithography methods were investigated during the current work. It was 
concluded that the optimum lithography process for electroless contact deposition was 
method B, which involved forming the pixel pattern with a positive photoresist before 
depositing the metal. This method produced high interpixel resistance and good pixel 
definition. Sputter deposition was found to be incompatible with methods B and C due to 
the conformal coating formed by the gold over the photoresist. Method D was followed 
to produce a detector with sputtered contacts for radiation testing. Method D required 
gold to be etched away from the inter-pixel region. This decreased the interpixel 
resistance and compromised the pixel-to-pixel uniformity of spectral response. 
In Chapter 6 a comparison was presented between gold contacts formed by sputter and 
electroless deposition. It was found that the electroless deposition of gold onto 
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mechanically polished CdZnTe formed a deep interface comprising of a surface gold 
layer on top of a graded oxide/chloride interfacial layer. The interface formed by sputter 
deposition was much simpler, with a smooth interface between the surface gold and bulk 
CdZnTe. 
The detector with electroless contacts could be described as two back-to-back diodes with 
a series resistance in between. The electronic response was symmetric and the barrier 
heights measured under both positive and negative bias were similar. The measured 
barriers related to the barriers faced by holes entering the CdZnTe from the gold contact. 
The electronic response of the detector with sputtered contacts was asymmetric and the 
barrier height measured under positive bias was lower than that measured under negative 
bias. Both related to the transfer of electrons from the gold contact into the CdZnTe. The 
barrier measured under positive bias was reduced by the inherent n-type nature of the Cd-
face. The inherent p-type nature of the Te-face was compensated by the presence of a thin 
native oxide layer. 
The spectroscopic performance of the detector with contacts formed by electroless 
deposition was superior to that of the detector with sputtered contacts. The former was 
measured to have better energy resolution and better uniformity compared with the latter. 
The FWHM energy resolution of the best pixel formed by electroless deposition was 560 
eV at 59.54 keV with 50% of pixels having a FWHM lower than 1.7 keV. This compared 
with 1.5 keV for the best sputter deposited pixel with 50% of pixels having a FWHM 
lower than 4.4 keV. 
The quality and yield of CdZnTe material has steadily increased in recent years and 
detector performance is now limited by the fabrication process. The current work has 
contributed towards a better understanding of the metal-semiconductor interface and the 
effects of different fabrication processes. The result of this has been an optimised 
fabrication process which will lead to improvements in future detector performance. 
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7.2 Future work 
Successful methods for fabricating and characterising small pixel CdZnTe detectors have 
been developed during the current work. However more work is required before these 
detectors can be considered commercially viable products. The pixel-to-pixel uniformity 
and fabrication yield must be improved and long term operation must be investigated.  
7.2.1 Improvements in fabrication 
Pixel-to-pixel variations include variation in the gain, detection efficiency and energy 
resolution. The source of this variation may be bulk crystal defects or variation in the 
quality of the individual pixel contacts. The growth of CdTe and CdZnTe is constantly 
improving with increasing yields of high-quality bulk material grown by Redlen, Acrorad 
and other growers. As demonstrated in the current work, the process followed to fabricate 
a pixel detector can be improved. Wafer scale production is the most important future 
development that could be made to the fabrication process that would deliver 
improvements to detector yield and minimise pixel-to-pixel variations. Wafer scale 
production would provide the following improvements over single die production: 
i. Avoid edge beading – The tendency for the photoresist to bead along the detector 
edge is a problem that is avoided at the wafer scale as the bead will form at the 
unused edges of the wafer. This would allow a uniform and optimised dose to be 
delivered across the crystal.  
ii. Avoid edge chipping – Lapping and polishing single die frequently leads to chipping 
of the crystal edge. Dicing the wafer after lapping and polishing minimises the 
probability and extent of chipping. 
iii. Ease of handling – As the edge of the wafer is unused the wafer may be handled 
without making contact with the active area. This minimises damage. Specialised 
tools are also available for handling wafers that do not exist for single die.  
iv. Cleanliness – It is easier to clean a wafer compared with an individual die due to 
the ease of handling. This leads to an improvement in the uniformity of contact 
deposition across the detector.  
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v. Efficiency – Wafer scale production is inherently more efficient compared with 
processing individual die as multiple detectors may be processed as a batch. This 
reduces costs and improves the statistics of any experiment conducted with the 
detectors. 
7.2.2 Study of long term detector performance 
The detectors investigated during the current study were fabricated solely for short term 
experimentation, with minimal delay between fabrication and characterisation. In order 
for an end user to have confidence in the measurements made with a detector, the longer 
term detector performance must be evaluated. A controlled, long baseline study of the IV 
response, spectroscopic resolution, gain and pixel sensitivity would be sufficient for this 
purpose. Of particular interest is the chemical stability of the contacts deposited by 
electroless deposition and how this might affect detector performance over time. The XPS 
measurements presented in the current work confirmed a complicated interface 
containing oxides, chlorides and gold. If any change or drift in detector performance was 
measured during the long baseline study then further chemical characterisation of the 
contacts should be performed. This should include as a minimum measuring XPS depth 
profiles and obtaining FIB cross section images to determine if diffusion or further 
reaction of the chemical species of interest has occurred. 
7.2.3 Tailored contacts 
The CdZnTe detectors fabricated in the current study were bonded to the HEXITEC 
ASIC. The HEXITEC ASIC was not designed for high flux applications, such as 
traditional CT imaging. Instead the ASIC architecture was designed for lower flux, fully 
spectroscopic X-ray imaging with fine energy resolution. As a result the electroless gold 
contacts developed during the current work have not been investigated under high flux 
conditions. 
At high fluxes, CdZnTe is known to polarise through the trapping of photo-induced holes 
and accumulation of positive space charge [139, 181]. The poor hole transport in CdZnTe 
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was identified as the cause of this problem, however it has been argued that the work 
function of the contacts may also influence the polarisation process [138]. A detailed 
study of electroless gold contacts under increasing flux should be completed if the 
contacts are to be considered for high flux applications. This study should include Pockels 
measurements, a method that takes advantage of voltage induced birefringence of 
CdZnTe to map the electric field distribution across the detector. This would allow the 
extent and position of the electric field collapse to be characterised. Other metals, such as 
indium which has a low work function or other deposition methods should be compared 
under similar flux conditions to better understand how the contacts influence the 
polarisation process. The aim of the investigation would be to identify or tailor the 
contacts for high flux applications.  
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Appendix A: X-ray Imaging Applications 
A.1 X-ray wavelength 
The wavelength λ of electro-magnetic radiation reduces as the photon energy E increases 
(see Equation A.1).  
𝜆 ≈
hc
𝐸
 where 
h = Planck constant 
c = Speed of light 
Equation A.1 
The wavelength of X-ray radiation with energies in the range of 1 to 200 keV is of the 
order 1 nm to 0.1 Å. As a result, X-ray radiation is well suited to the investigation of 
materials on the atomic scale. This may be exploited to determine a material’s size, 
density and atomic or molecular structure. 
A.2 Transmission radiography 
The information gained from an X-ray measurement depends on the X-ray source, 
geometry and the detector/imager. The simplest measurement, a radiograph or 
transmission image, involves directing a ‘white’ beam of X-rays at a sample and imaging 
the shadow cast at the rear of the sample (see Figure 1.1) [3]. A white beam contains a 
continuum of X-ray energies and is typically generated by an X-ray tube which produces 
Bremsstrahlung radiation. The imager could be a photosensitive plate or phosphor 
covered TFT array (see Figure 1.2).  
A transmission radiograph image contains a spatially resolved map of the materials 
density or thickness. Density and thickness can be separated by using a dual-energy         
X-ray source or by rotating the sample and acquiring images at multiple angles to form a 
3D image. The former method of dual-energy imaging is used extensively in airports for 
scanning baggage and in hospitals for diagnosis [215-218]. Dual-energy imaging utilises 
the difference in how the X-ray attenuation of different materials changes with X-ray 
energy to identify the density ρ and approximate atomic number Z of the material (within 
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2-3 broad Z bands). The latter approach is referred to as computed tomography (CT) and 
is widely used for medical diagnosis and industrial analysis [3, 219-222]. Dual-energy 
and CT is often combined to give even greater separation of materials (see Figure A.1). 
The detectors currently used for these applications are not energy-resolving and instead 
rely on measuring the intensity of transmitted X-rays to form the image. 
 
Figure A.1 – Dual-energy CT X-ray image of baggage containing materials 
with varying density and atomic composition Z [223]. The low energy (LE) 
and high energy (density) images have been combined to determine the 
density ρ and approximate range of atomic number Z of the different materials 
and form the composite image on the right. Image © Véronique Rebuffel. 
A.3 X-ray diffraction imaging 
The imaging contrast of the radiography methods described above is primarily defined 
by the difference in intensity of X-rays fully absorbed by the material and intensity of X-
rays transmitted. An alternative imaging technique involves measuring the transmission 
of monochromatic X-rays that have undergone elastic scattering within the sample. An 
elastic collision is one where an X-ray interacts with an atomic electron but is not fully 
absorbed and does not lose energy. Instead the X-ray is scattered away at an angle. If 
multiple, regularly aligned scatters exist, such as that found in a crystalline material, the 
scattered X-rays will form a diffraction pattern through constructive and destructive 
interference. The diffraction pattern will be defined by the wavelength λ and angle θ of 
the incident X-ray beam and the atomic/molecular spacing d of the sample according to 
Bragg’s law (see Equation A.2 and Figure A.2).  
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2𝑑sin𝜃 = 𝑛𝜆 where 𝑛 = Integer value of the diffraction spot Equation A.2 
 
Figure A.2 – Schematic illustration of Bragg diffraction through a crystalline 
material with spacing d by a monochromatic X-ray beam with wavelength λ 
[224]. 
By measuring the spacing and angle at which a diffraction spot is observed, the 
atomic/molecular spacing of a sample may be calculated. Typically the detector used to 
measure the diffraction pattern is spatially resolving along at least one dimension (i.e. a 
linear detector) and is not energy resolving [225]. As the X-ray energy is generally lower 
than required for CT, a phosphor may not be required and instead direct conversion 
imaging with a CCD camera is possible. X-ray diffraction (XRD) measurements are 
extensively used to characterise drugs, proteins and viruses for medical research and 
development of novel materials for industry [226, 227].   
A.4 Colour X-ray imaging 
The use of an energy resolving detector for transmission, CT and diffraction imaging can 
provide significant improvements in image contrast, material discrimination and dose 
reduction. This is possible for transmission and CT when the image is formed by gating 
across a particular energy window which relates to, for example, an absorption edge of a 
particular element. An example of this is iodine k-edge subtraction imaging which has 
been demonstrated to produce an image with enhanced contrast at a lower dose [82]. A 
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single pixel energy spectrum measured with a HEXITEC CdTe detector showing the 
gated energy windows above and below the iodine k-edge used to form a  k-edge 
subtraction image is shown in Figure A.3. Multiple elements may be identified and 
mapped in this manner if the energy resolution of the detector is sufficient to resolve the 
separate k-edges [85]. 
  
Figure A.3 – A single pixel energy spectrum from an energy-resolving X-ray 
imaging detector with gated energy windows above and below the k-edge of 
iodine [82]. Image © IEEE. 
A.5 Energy-dispersive diffraction imaging 
X-ray diffraction (XRD) imaging can be improved with the use of an energy-resolving 
detector and a white X-ray beam by allowing simultaneous angle- and energy-resolved 
measurements to be made. The angle θ at which a diffraction pattern is measured is related 
to the X-ray energy. By gating across a range of narrow energy windows E, it is possible 
to identify multiple diffraction patterns within a single dataset. The data measured by each 
pixel at each energy window is then converted to momentum transfer, defined by 
Equation A.3, which is independent of the measurement geometry.  
𝑥 =
𝐸
hc
sin (
𝜃
2
)   Equation A.3 
This method allows the statistics of a large area detector to be combined with the angular 
resolution of a single pixel. The efficiency of the data analysis is improved and the 
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measurement time required to correctly identify a sample is reduced. An example angle- 
and energy-resolved XRD measurement of caffeine made with a HEXITEC CdTe 
detector is shown in Figure A.4. The momentum transfer plot illustrates how this 
combined approach allows even a short 1 s measurement to produce an accurate result.  
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Figure A.4 – Simultaneous angle- and energy-resolved X-ray diffraction 
measurements of caffeine [90] showing X-ray intensity maps (counts/s) at 
narrow energy windows of (a) 20, (b) 30 and (c) 40 keV with corresponding 
plots of average pixel intensity as a function of scattering angle, (d), (e) and 
(f) for the three energy windows measured over 1 hr. Plot (g) compares the 
momentum transfer plot measured over 1 hr with that measured over 1 s. 
Image © IOP. 
A.6 X-ray fluorescence imaging 
An X-ray fluorescence (XRF) image is formed by measuring the secondary X-rays 
emitted from a sample that has been excited by a primary X-ray beam. By measuring the 
energies of the secondary X-rays, which are characteristic of the originating element, the 
elemental composition of a sample may be obtained. An XRF image is typically acquired 
by rastering a micro-focused X-ray source across a sample and using an energy-resolving 
single-element detector or non-energy resolving detector in combination with a 
monochromator. In both cases, the detector is non-spatially-resolving and the acquisition 
time for such an image is long. The use of a spatially-resolving pixellated detector can 
reduce the measurement time considerably and even allow XRF CT images to be formed 
[86]. An example of an energy-resolved X-ray fluorescent image with elemental 
discrimination measured with a CdTe HEXITEC detector is shown in Figure A.5 [85]. 
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Figure A.5 – Energy-resolved X-ray fluorescent image showing (a) false 
colour X-ray image of 3 x 3 cm2 test structure containing different elements 
and (b) average spectra measured in each region of the test structure [85]. 
Image © Royal Society of Chemistry.  
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Appendix B: Detector Electronics 
B.1 Detector configuration 
A typical CdZnTe radiation detector consists of the active semiconductor volume, metal 
contacts on opposing faces of the active volume, a high-voltage (HV) bias applied to one 
of the metal contacts and a preamplifier connected to the opposing metal contact. The 
output signal from the preamplifier is processed by a shaping amplifier and this shaped 
pulse is sampled to determine its peak amplitude by an analogue-to-digital (ADC) 
convertor. Finally, a multi-channel analyser (MCA) records the frequency of different 
pulse amplitudes for a PC to display in the form of a histogram. Assuming the system 
maintains the linear relationship between the energy of the incident radiation and pulse 
induced on the metal contacts, then the detector may be used to make spectroscopic 
measurements. This simple description of a reverse biased detector configuration is 
illustrated in Figure B.1. 
 
Figure B.1 – Schematic diagram of a typical reverse biased CdZnTe detector, 
configured for DC readout of anode contact by a charge-sensitive 
preamplifier.  
What follows is a brief description of the key stages identified above, with reference to 
the underlying theory that governs the operation and performance of each stage. 
B.2 Bias supply 
For a CdZnTe crystal to be used as a radiation detector, an external bias must be applied 
to one side of the crystal. This creates a potential difference and electric field across the 
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active volume. The field must be strong enough to separate and collect the charge carriers 
released during a radiation interaction before they can recombine or become trapped. For 
a CdZnTe crystal of reasonable quality, a field strength of between 1,000 and                
5,000 V.cm-1 is typically sufficient for full electron collection.  
B.3 Preamplifier 
A preamplifier is required for initial amplification and shaping of the ~ fC charge signal 
that is induced following a radiation interaction. Preamplifiers may be operated in current, 
voltage or charge-sensitive configurations. For CdZnTe, the charge-sensitive 
configuration offers the most convenient approach as it is not reliant on a low impedance 
source or a constant input capacitance (as with current-sensitive and voltage-sensitive 
configurations respectively). The charge-sensitive preamplifier is designed to provide an 
output voltage proportional to the total integrated charge of the input pulse, assuming the 
pulse is short compared with the feedback time constant (= RfCf) to allow full charge 
collection. The charge-sensitive configuration is illustrated in Figure B.2 with the 
popular Amptek A250 preamplifier [228].  
 
Figure B.2 – Schematic circuit diagram of a semiconductor detector DC 
coupled to an AMPTEK A250 preamplifier in a charge-sensitive 
configuration with input FET and feedback components [228]. Image               
© Amptek. 
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The expected voltage output Vout of a charge sensitive preamplifier is given by Equation 
B.1, where Q is the charge released during the interaction (assuming full collection), A is 
the preamplifier gain, Cin is the input capacitance, Cf is the feedback capacitance, Rf is the 
feedback resistance, τin is the time constant of the input circuit and A is the preamplifier 
gain.  
𝑉𝑜𝑢𝑡 ≅ −𝐴𝑉𝑖𝑛 
𝑉𝑚𝑎𝑥 = −
𝑄
𝐶𝑓
 
assuming 
𝐴 ≫
𝐶𝑓 + 𝐶𝑖
𝐶𝑓
 
𝑅𝑓𝐶𝑓 ≫ 𝜏𝑖𝑛 
Equation B.1 
A field effect transistor (FET) is typically placed at the input of the preamplifier in order 
to minimise the detector input capacitance. The FET allows the preamplifier to be located 
away from the detector sensor without detrimentally increasing the capacitance and noise 
of the system. This assumes that the preamplifier has low output impedance or has the 
ability to drive a signal into large capacitance (i.e. the long cables to amplifier). Most 
commercially available input FETs are sensitive to overvoltage/transients so sudden or 
rapid switching of the bias must be avoided. Protection diodes can be used, although the 
extra circuitry will introduce additional noise.   
An example of a FET connected to the front end of an A250 preamplifier was given in 
Figure B.2. As the charge released during a radiation interaction begins to drift towards 
the collecting contacts, a current will begin to flow across the preamplifier and will be 
integrated by the feedback capacitor Cf. This will induce a voltage at the FET gate, with 
reference to the FET source VGS. Assuming that the drain-source voltage VDS is greater 
than VGS, the FET will operate in saturation mode. This is where, above a threshold 
voltage, the current flowing through the channel between drain and source is linearly 
related to VGS. The induced current flow will experience low impedance and the signal 
can be driven down a long track to the preamplifier. As the charge released in the detector 
is collected, the voltage spike induced at the FET gate will decay, and so the current flow 
across the FET channel between drain and source will reduce. The result of this process 
is a preamplifier output voltage proportional to the charge collected by the detector. The 
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output voltage will eventually decay as the feedback capacitor discharges through the 
feedback resistor. Typical voltage pulses measured at the FET gate and at the preamplifier 
output were shown in Figure B.2 to illustrate the inverting nature of this configuration. 
B.4 Feedback components 
As described in the previous section, the feedback components play an important role in 
the function of a charge sensitive preamplifier. The decay time constant τdecay of the 
preamplifier output signal is defined by how quickly the feedback capacitor can be 
discharged. The discharge time is a function of the size of the capacitor and the value of 
the resistor that sits in parallel with it. If a feedback resistor is not present then an 
alternative method of discharging the capacitor is required. The decay time constant is 
defined by Equation B.2. 
𝜏𝑑𝑒𝑐𝑎𝑦 = 𝑅𝑓𝐶𝑓   Equation B.2 
The gain A, in units of V/pC, applied by a charge sensitive preamplifier is defined by 
Equation B.3.  
𝐴 =
1
𝐶𝑓
 where 𝐶𝑓 is in units of pF Equation B.3 
For a typical Cd0.9Zn0.1Te detector, A ≈ 35/Cf mV/MeV. A small feedback capacitance is 
required if a measurable signal is to be generated following the interaction of an X/γ-ray 
of 10-200 keV. The intrinsic capacitance of the tracks, cables and feedback resistor often 
limit the minimum attainable feedback capacitance to ~ 0.5 pF. 
B.5 Energy resolution and noise  
The performance of a detector system such as that described above is dependent on a 
number of factors. It is the factors that affect the energy resolution of the detector that are 
of primary importance in spectroscopic measurements of radiation. The energy resolution 
R of a semiconductor detector is defined by Equation B.4, where FWHM is the full width 
at half maximum of the photopeak E0 in the energy spectrum.  
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𝑅 =
𝐹𝑊𝐻𝑀
𝐸0
× 100% Equation B.4 
The measured FWHM is a function of the various sources of noises, as defined by 
Equation B.5. 
(𝐹𝑊𝐻𝑀)2 = (𝐹𝑊𝐻𝑀)𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙
2 +(𝐹𝑊𝐻𝑀)𝑑𝑟𝑖𝑓𝑡
2  
                       +(𝐹𝑊𝐻𝑀)𝑑𝑎𝑟𝑘 
2 +(𝐹𝑊𝐻𝑀)𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
2  
Equation B.5 
The achievable energy resolution of a CdZnTe detector is ultimately limited by the 
statistical nature of the charge release process following interaction of radiation within 
the active volume. This is represented by the FWHMstatistical term in Equation B.5. The 
number of EHP’s released during an interaction is proportional to the energy of the 
incident radiation and will vary according to a modified Poisson distribution. The 
modification takes the form of the Fano Factor F, and reflects the difference between the 
observed variance and the Poisson predicted variance. This deviation is related to the lack 
of independence between the numerous ionisation events along the deposition track. The 
Fano-statistical limit to the energy resolution Rstat, is given by Equation B.6, where W is 
the energy required to release a single EHP (4.62 eV for Cd0.9Zn0.1Te [229]), and E is the 
energy of the incident radiation. 
𝑅𝑠𝑡𝑎𝑡 = 2.35√
𝐹𝑊
𝐸
 where 
𝑊
𝐸
= Number of EHP's released Equation B.6 
The drift and dark terms in Equation B.5 relate to broadening due to variation in charge 
collection efficiency (trapping) and fluctuations in the thermally generated leakage 
current within the detector crystal respectively. A uniform crystal with high resistivity 
operated at low temperatures with appropriate contacts can minimise the broadening due 
to these contributions.  
Electronic noise can be introduced from a variety of sources and at a variety of 
frequencies. Any source introduced at the beginning of the signal chain is generally more 
significant as the signal-to-noise ratio will be lower. The bias supply, preamplifier power 
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supply, FET gate-source leakage current, FET thermal noise and Johnson noise from 
resistances in series are the most common sources of electronic noise. The contribution 
of a typical preamplifier to the total electronic noise is often negligible when compared 
with the other sources of noise [39, 228].  
It is often convenient to divide sources of noise between those in parallel to the input and 
those in series. Parallel sources include detector and FET leakage currents and series 
sources include Johnson noise of resistances in series and thermal noise of the FET. 
Cooling the input FET reduces the series noise. Series noise increases with detector 
capacitance and for this reason it is important to minimise the stray capacitance between 
the detector crystal and input FET. This can be achieved by minimising the track length 
between the detector pad and input FET. Increasing the applied bias V will also decrease 
the detector capacitance C by extending the depletion region W within the semiconductor 
volume up to full depletion. The detector capacitance is defined by Equation B.7 and the 
depletion depth is defined by Equation 3.14.  
𝐶 =
𝜖
𝑊
≅ (
q𝜖𝑁
2𝑉
)
1
2⁄
 where 
𝜖 = Dielectric constant 
𝑁 = Dopant concentration 
Equation B.7 
Increasing the bias will result in increased leakage current and so a balance must be found. 
Noise originating from the HV supply can be reduced by using a resistor-capacitor 
filtering circuit (RC shaping). Both the load resistor RL and capacitor CFilter should be 
large in order to reduce the cut off frequency fc of the filter, as defined by Equation B.8. 
𝑓𝑐 =
1
2π𝑅𝐿𝐶𝐹𝑖𝑙𝑡𝑒𝑟
   Equation B.8 
In a similar manner, the feedback resistor may be an additional source of noise. The 
Johnson noise associated with this can be reduced by increasing the resistor value. This 
will however increase the decay time constant of the preamplifier signal and may cause 
signal pile up. Replacing the feedback resistor with an indirect or active reset circuit, such 
as pulsed optical feedback, is one solution to this problem [230]. A third category of noise 
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exists, flicker or 1/f noise, and is primarily derived from the trapping and detrapping of 
charge within the input FET. 
Noise pickup along cables and tracks is the final important source of noise that must be 
considered when designing a radiation detector. Four distinct types of noise pickup are 
illustrated in Figure B.3, which includes capacitive, inductive, resistive (ground loop) 
and microphonic pickup. 
 
Figure B.3 – Schematic circuit diagrams illustrating (a) capacitive, (b) 
inductive, (c) resistive (ground loop) and (d) mechanical or microphonic 
noise pickup [231]. Image © McGraw-Hill. 
B.6 Filtering and shaping 
Along with an attempt to minimise the generation of noise within a detector system, high 
pass and low pass filtering of the preamplifier output signal is generally employed during 
the amplification stage. Both parallel and series noise tend to exhibit a broad frequency 
spectrum in comparison with the narrow expected spectrum for the ‘true’ signal, which 
is related to the collection time of the charge carriers. Applying high and low pass filtering 
preferentially removes noise under these conditions and improves the signal-to-noise ratio 
(SNR). 
Both high and low pass filters can be formed by a simple network of passive resistors and 
capacitors. This is referred to as RC shaping. The two simplest networks are the CR 
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differentiator (high pass) and the RC integrator (low pass). In systems involving digital 
pulse processing, where the preamplifier output has been digitised by an ADC before 
being shaped, the function of the electronic RC shaping can be emulated by arithmetic 
operations. A simple CR-RC shaping network is illustrated in Figure B.4, with an ideal 
unity gain amplifier separating the two stages. The result of CR-RC shaping is a pulse 
shape resembling a Gaussian function, with the highest and lowest frequency components 
removed and a broadened peak, suitable for pulse height analysis. The resemblance to a 
Gaussian can be further improved by including additional RC integrator stages, to form a 
CR-(RC)n shaping network. The CR-(RC)n method of Gaussian shaping provides faster 
baseline restoration and a superior SNR compared with standard CR-RC shaping [39]. 
 
Figure B.4 – Schematic circuit diagram illustrating a CR-RC shaping 
network and the effect on the input signal [232]. Image © Springer. 
It is common for a shaping amplifier to provide a choice of shaping time in order to 
optimise the pulse shape for a given application. The shaping time must be long compared 
with the rise time of the preamplifier signal in order to maintain the step-like function and 
collect the full signal. However a long shaping time may lead to pile up effects. The 
primary purpose of the shaping stage is to remove noise and for this reason the shaping 
time is often chosen to minimise noise. An example of how the total noise of a detector 
system changes with shaping time is illustrated in Figure B.5. It is found that series noise 
decreases with increasing shaping time, whereas parallel noise increases. Flicker noise is 
unaffected by the choice of shaping time. For any given detector system, some optimum 
shaping time will exist.  
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Figure B.5 – Schematic plot illustrating how series noise decreases and 
parallel noise increases with increasing shaping time. Flicker or 1/f noise 
remains constant with shaping time. 
B.7 Charge induction and the Shockley-Ramo theorem 
As an X-ray interacts within the active volume of a semiconductor radiation detector, it 
releases charge carriers (electron-hole pairs). The bias applied to the detector will induce 
an electric field which will propel the carriers towards opposite contacts. Electrons will 
drift towards the positive contact (anode) and holes towards the negative contact 
(cathode). The motion of the charge carriers though the electric field will induce a charge 
upon the contacts. As this induction is mediated by photons, the process will occur almost 
instantaneously. However, the charge pulse measured at the contact will depend on the 
composition and geometry of the detector, as well as the applied bias.  
For an ideal planar (non-pixellated) detector the signal evolution will be trivial: The 
electric potential across the detector will have a constant gradient and there will be a 
uniform electric field. Ignoring the effects of diffusion, repulsion and trapping, the charge 
will follow the electric field lines and will be collected at the appropriate contact. The 
induced charge will increase linearly from initial interaction until the charge carriers are 
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fully collected. This is approximately what happens when alpha radiation and low energy 
X-rays are incident on the cathode contact of a CdZnTe detector. The shallow interaction 
depth will lead to a signal formed almost exclusively from the electron drift.   
For deeper interactions or pixellated and non-standard detector designs, the temporal 
evolution of the induced signal will be more complicated. In these situations it is often 
convenient to use the Shockley-Ramo theorem to predict the signal evolution [37-40]. 
The Shockley-Ramo theorem introduces the concept of the weighting potential, which is 
calculated by solving the traditional electric potential across the detector with some 
artificial boundary conditions. These conditions involve setting the voltage at the 
collecting contact to unity and all other contacts to zero. The electric field is determined 
by the Poisson equation. Numerical methods are generally used to solve the Poisson 
equation and many computer codes have been written and incorporated into commercial 
packages for this purpose (e.g. Sentaurus TCAD [233]). The weighting potential does not 
represent a physical quantity, rather it is a theoretical tool that can be used to describe the 
processes of charge induction within semiconductor radiation detectors. 
By substituting the weighting potential into Equation B.9 the charge induced on a contact 
by the motion of a charge carrier Q can be found.  
𝑄 = qΔ𝜑0 where Δ𝜑0 = Difference in weighting potential Equation B.9 
This equation states that a charge carrier will induce a charge proportional to the 
difference between the weighting potential at the carrier’s start and end positions. As with 
the electric potential analogy, the gradient of the weighting potential gives the weighting 
field. The weighting field is used to determine the instantaneous current i induced on the 
contact and is given by Equation B.10. 
𝑖 = q?⃗? ∙ ?⃗?0 where 
?⃗? = Velocity of carrier 
?⃗?0 = Weighting field 
Equation B.10 
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The application of the Shockley-Ramo theorem to pixellated semiconductor detectors 
provides an explanation for several commonly observed effects; the small pixel effect 
[39] and transient induced pulses [234]. The explanation for both effects is as follows: As 
the pixel size decreases as a fraction of the detector thickness, so does the ‘reach’ of the 
weighting field from the contact as the weighting field becomes increasingly localised to 
the collecting contact. An illustration of how the weighting field changes with decreasing 
pixel size is given in Figure B.6. With the weighting potential localised to the contact, 
the majority of the signal will be induced as the carrier drifts in close proximity to the 
contact [235, 236]. The fraction of the total volume located ‘close’ to the pixellated anode 
contacts will be small and the probability of an interaction in this region is small assuming 
low energy X-ray irradiation of the cathode and measurement at the pixellated anode. As 
a result, electron drift will be the dominant contribution to the induced signal. The 
contribution from hole drift will be minimal except in the rare event where the interaction 
occurs deep in the detector, close to the pixellated anode. This is the aforementioned small 
pixel effect and is beneficial for materials with poor hole transport such as CdZnTe [39]. 
If the weighting field of a neighbouring pixel overlaps the path of the carrier, a bipolar 
current pulse will be induced on the neighbouring pixel. The net integrated charge of this 
bipolar current pulse is zero as no charge is collected on the neighbouring pixel. This is 
an example of a transient induced pulse.  
 
Figure B.6 – (a) A schematic diagram representing a simple pixellated 
detector with thickness T and pixel size A2. (b) Schematic plot of weighting 
potential as a function of depth through detector for various pixel sizes. 
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Broken/dotted black line represents a full contact. Broken green, dotted blue 
and solid red lines represent the pixel size gradually decreasing as a fraction 
of the detector thickness (broken green: A/T ≈ 0.8, solid red: A/T ≈ 0.1). 
B.8 HEXITEC ASIC 
The HEXITEC ASIC, manufactured with a standard 0.35 µm CMOS process, was 
designed for low noise, high resolution X-ray imaging applications [11]. The ASIC 
comprises of 80 × 80 channels on a 250 µm pitch. Each ASIC channel is bump bonded 
directly to a pixel on the semiconductor sensor. An ASIC channel contains a bond pad, a 
preamplifier with a leakage compensation circuit and choice of gain, a CR-RC shaper, a 
2nd order low pass filter, a peak-hold circuit and a track-hold circuit. The ASIC operates 
by integrating the charge released within the sensor during a radiation interaction onto 
the preamplifier feedback capacitor. The preamplifier converts the integrated charge to 
an analogue voltage pulse which is further amplified, shaped and filtered before its peak 
value is read out. The peak value is proportional to the integrated charge which in turn is 
proportional to energy of the incident photon. This ASIC circuity can accurately measure 
the energy and position of a radiation interaction and enables spectroscopic imaging to be 
performed. 
The nature of the peak-hold circuit is such that only the highest energy event is stored 
before readout. The ASIC is readout with a rolling shutter process that involves 
sequentially selecting the held peak voltage values of each pixel, outputting the voltages 
to a multiplexer and then resetting the peak-hold circuit. The rolling shutter readout, along 
with the shaping time of the amplifier define the maximum reliable count rate for the 
ASIC, which is ~ 107 photons/s, or 1.5 × 103 photons/s per channel. 
The leakage current compensation circuit is optimised to compensate up to 50 pA per 
channel and the feedback components are designed to tolerate 250 pA per channel. This 
is equivalent to 0.32 and 1.6 µA across the full pixel array respectively. However the 
ASIC has been successfully operated with a GaAs sensor with a leakage current in excess 
of 2 µA [79]. Two gain modes are available through the selection of feedback capacitor/s, 
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where the gain is inversely proportional to the feedback capacitance according to 
Equation B.3. The high gain mode is operated with just the 15 fF capacitor connected 
and has an input range of 250 to 40k electrons, equivalent to 1 to 200 keV in CdZnTe. 
The ASIC circuitry is optimised for the high gain mode. The low gain mode is operated 
by activating a second capacitor of 35 fF to give a total feedback capacitance of 50 fF. 
This mode has an input range of 1k to 133k electrons, or 5 to 600 keV. The CR-RC band 
pass filter removes low and high frequency noise components from the preamplifier 
output and shapes the voltage pulse with a shaping time of 1.0 or 1.2 µs. The optimum 
shaping time, where the sum of series and parallel noise contributions is minimised, is 
shorter than 1 µs, however this is impractical for CdZnTe as the charge collection time is 
in the order of ~ 1 µs. The additional low pass filter is required to remove the remaining 
high frequency components in the range of 1 to 10 MHz. The output of the low pass filter 
has an increased shaping time of 2 µs. The peak-hold circuit holds the peak amplitude of 
the filter output for long enough to be sampled and read out. To ensure the filter output 
has been sampled after it has peaked, the track-hold circuit samples the signal before and 
after the peak-hold circuit. The two values are retained for offline comparison and 
erroneous signals, where the filter signal was still rising, are rejected.  The ASIC is read 
out with a rolling shutter to avoid active, asynchronous sampling of the channels that can 
induce cross talk and increase noise in the ASIC. This read out method does not require 
a comparator or threshold circuit, which can introduce additional electronic noise. A 
minimum threshold can be defined by the user in the data acquisition (DAQ) firmware to 
reduce the data stored during a measurement. The user may also inject a test pulse directly 
into the ASIC channel for calibration and evaluation. The ASIC architecture for a single 
channel is presented in Figure B.7. 
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Figure B.7 – Circuit diagram for a single channel of the HEXITEC ASIC 
[11]. Image © Elsevier. 
B.9 Low gain pixels and HEXITEC ASIC simulations 
Four CdZnTe detectors were fabricated following method D (see Section 3.1.6 for 
details) and flip-chip bonded to the HEXITEC ASIC for radiation testing. All four 
detectors were found to have a number of low gain pixels where the measured spectrum 
was compressed into a narrow range of channels. A comparison of spectra measured with 
low and normal gain pixels is shown in Figure B.8. The reduction in gain was not 
matched by a degradation of energy resolution. This suggested that charge loss through 
trapping and recombination was not responsible for the reduction in gain. Instead, the 
reduction in gain was likely the result of either a highly resistive or capacitive coupling 
between the CdZnTe and ASIC.  
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Figure B.8 – Examples of single pixel spectra measured by pixels with 
normal (broken line) and low (solid line) gain. Measurements made with       
74 × 74 pixel CdZnTe HEXITEC detector with electroless gold contacts 
exposed to a 241Am point source. Measurements were made for 90 min at 2°C 
with a bias of 1,100 V. 
A capacitive coupling may occur when a parasitic capacitance is present between the 
ASIC bond and the metal pad on the CdZnTe, and no direct contact is made. The charge 
collected following the interaction of a photon will be shared between the detector and 
the parasitic capacitances, which appear in parallel to each other. The parasitic 
capacitance lies in series with the preamplifier and so the preamplifier is only able to 
collect the charge from the parasitic capacitance. The fraction of charge that is collected 
by the parasitic capacitance and subsequently collected by the preamplifier will define 
the gain relative to what would be expected from a normal DC coupled detector. This 
value is given by Equation B.11. 
𝐺𝑎𝑖𝑛 =
𝐶𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐
𝐶𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 + 𝐶𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟
   Equation B.11 
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Simulations of the ASIC completed by the Microelectronics Group at RAL [237] have 
shown that an AC or capacitive coupled pixel with a parasitic capacitance of 400 fF and 
detector capacitance of 400 fF will reduce the gain to 0.5 without an appreciable increase 
in noise. The simulated responses of the ASIC preamplifier and shaper to DC and AC 
coupled pixels are shown in Figure B.9. 
 
Figure B.9 – Simulated responses of HEXITEC ASIC preamplifier and 
shaper to DC and AC coupled pixels [237]. The AC coupled pixel has a 
parasitic capacitance of 400 fF. 
A high resistance between the CdZnTe and the ASIC will slow the input and output 
signals of the preamplifier. A significant delay in the preamplifier signal may be sufficient 
to cause ballistic deficit at the shaper due to the fixed shaping time of 2 μs. Simulations 
of the ASIC completed by the Microelectronics Group at RAL [237] have shown that a 
resistance of 2 MΩ is sufficient to reduce the gain to 0.75, again without an appreciable 
increase in noise. The simulated responses of the ASIC preamplifier and shaper to a 
resistively coupled pixel are shown in Figure B.10. 
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Figure B.10 – Simulated responses of HEXITEC ASIC preamplifier and 
shaper to DC coupled resistive contact [237]. Broken arrows indicate 
increasing resistance, from 0 to 2 MΩ in 0.4 MΩ steps. 
The initial hypothesis was that a thin film of SU-8 residue remaining on the pixel pad 
surface after SU-8 lit off was the source of the resistive or capacitive coupling. A 
complete layer of resist would act as an efficient insulator and no electrical contact 
between the ASIC channel and detector pixel would exist. However a thin residue of 
photoresist may feasibly act as a resistive or capacitive contact. To investigate this effect, 
a fifth detector was fabricated following method D and cleaned with oxygen plasma to 
remove any remaining SU-8 residue before flip-chip bonding to the HEXTIEC ASIC. 
Despite the plasma clean, low gain pixels were still observed. Further investigation is 
required to identify the source of additional capacitance and/or resistance. 
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Appendix C: Characterisation Technique Theory 
C.1 Atomic force microscopy 
Atomic force microscopy (AFM) allows the surface topography of a sample to be mapped 
with sub-nm vertical resolution [238, 239]. This is achieved by measuring the short-range 
attractive and repulsive forces exerted on a sharp-tip probe mounted at the end of a 
cantilever as it rastered in close proximity across the sample surface. The force F acting 
on the tip is determined by measuring the deflection of the cantilever arm and solving 
Hooke’s law, as stated by Equation C.1. 
𝐹 = −k𝑥 Equation C.1 
The force between the probe and the surface is a product of the spring constant k and 
deflection x of the cantilever, assuming the spring constant of the cantilever is greater 
than that of the surface. The deflection is typically measured by imaging the reflection of 
a laser focused on the top of the cantilever with a photodiode array. Piezoelectric motors 
control the height of the cantilever arm based on feedback from the laser-diode defection 
measurements. The typical arrangement of an AFM is illustrated in Figure C.1. 
 
Figure C.1 – Schematic illustration of a typical AFM [240]. The laser and 
photodiode monitor the cantilever deflection which is fed back to 
piezoelectric motors which controls the tip-sample distance. 
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During a scan the probe may be subjected to a number of different forces. These include 
magnetic, electrostatic, capillary and Van der Waals. It is the Van der Waals interatomic 
interaction that is of most interest when measuring the surface topography. The nature of 
the Van der Waals force as a function of tip-sample separation is illustrated in            
Figure C.2. At a separation below ~ 0.5 nm the force is repulsive and above this it is 
attractive, but with diminishing strength up to greater distances.  
 
Figure C.2 – Schematic plot of Van der Waal force strength as a function of 
tip-sample separation [238]. The tip-sample separation regions for the three 
different modes of AFM operation are highlighted. Image © Botello, Radican 
& Galloway. 
An AFM can be operated in contact, non-contact and semi-contact modes. In contact 
mode the tip-sample separation is reduced to <0.5 nm and the deflection of the cantilever 
is held constant. The small corrections made by the piezoelectric motors to maintain the 
cantilever deflection correlate to the surface topography. This mode produces fast scans 
and the best spatial resolution however it is also the most likely to damage the sample 
surface. In non-contact mode the tip-sample separation is up to 10 nm and the cantilever 
is oscillated at a specific frequency. The amplitude of oscillation is small, typically below 
10 nm. As the probe is rastered over the sample surface, the frequency and amplitude of 
the oscillation will change with surface topography allowing the surface to be mapped. 
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Non-contact mode generates the lowest force between the probe and surface at the cost 
of resolution. It is best suited for delicate samples. Semi-contact or tapping mode is 
similar to non-contact mode in that the cantilever is set to oscillate as the probe is rastered 
over the sample surface. However the amplitude of oscillation is greater, as large as 100-
200 nm and the frequency is set to the resonant frequency of the cantilever. The amplitude 
of oscillation will change with tip-sample distance due to the change in force. The sample 
surface topography can be mapped by measuring the small corrections that the 
piezoelectric motors must make to the probe height in order to maintain a constant 
amplitude of oscillation. Semi-contact mode offers a good compromise between 
resolution and reduced damage. 
C.2 Focused ion beam and scanning electron microscopy 
A focused ion beam (FIB) is a powerful tool for the inspection, preparation and 
modification of nano-scale samples [155, 241]. A FIB system has a similar configuration 
to a scanning electron microscope (SEM) except that it is a beam of positive ions scanned 
over a sample that produces the signal that can be recorded to form an image. This signal 
can be secondary ions or secondary electrons. Compared with an electron beam, an ion 
beam will produce a greater yield of secondary electrons and the signal will be generated 
in a shallower depth. The most important difference is that the higher momentum of ions 
(due to their greater mass) will result in sputtering of the sample. This can be employed 
to mill the sample to create novel structures and trenches. A carefully milled trench can 
expose and preserve a cross section through an interface thus allowing imaging of this 
interface. If a second trench is milled close behind the first, the thin foil separating the 
two can be undercut and extracted for further analysis in a transmission electron 
microscope (TEM). 
The ion beam can be used to deposit material (e.g. platinum and tungsten) onto the sample 
in a highly accurate manner. The secondary electrons generated by the beam decompose 
a precursor gas that has been injected onto the sample by the close placement of an 
injecting nozzle. The non-volatile material will be deposited onto the surface and the 
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volatile carrier will be drawn out by the vacuum system. Compared with electron beam-
induced deposition, ion beam-induced deposition is faster. It is however less accurate due 
to the wider angular spread of secondary electrons.  
Many FIB systems contain two columns, the second being a standard electron column. 
Such instruments are referred to as dual beam FIB-SEM microscopes. A dual beam 
microscope is often capable of both ion and electron-induced deposition and is capable 
of imaging with the electron column. A comparison between typical electron and ion 
columns is shown in Figure C.3. 
 
Figure C.3 – The typical (a) electron and (b) ion columns found in a dual 
beam FIB-SEM [155]. The two columns are very similar except for the lens 
and the source. The electron column uses magnetic lenses and the ion column 
uses electro-static lenses. Image © FEI. 
The ion beam is generated by negatively biasing an aperture electrode which is situated 
just below a finally pointed tungsten needle with a ~ 2 nm tip. The needle is coated in 
liquid metal, typically gallium, and held in position by a wire which is heated to burn off 
contamination. A reservoir of gallium is held by a coil below the needle to replenish the 
liquid metal as it is ejected. A very high electric field is created by the electrode and is 
focused at the tip of the needle. This field forces the liquid metal to form an even sharper 
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point, referred to as a Taylor cone. At the tip of this cone the gallium atoms will become 
ionised and as the ion density increases, Coulombic repulsion will force the ions apart 
and through the accelerating aperture. The gallium ions ejected from the tip will be 
replenished by liquid gallium drawn down along the needle. 
C.3 Transmission electron microscopy 
A transmission electron microscope (TEM) can be used to image and analyse samples 
with sub-nm resolution [241]. A beam of electrons, typically accelerated by 200 kV, is 
focused onto the sample, with the spot size defining the analysis area (as opposed to a 
scanning transmission electron microscope which will raster the beam over the sample). 
The excellent spatial resolution of a TEM is derived from the increasingly short 
wavelength of electrons as they are accelerated to higher velocities. An electron’s 
wavelength λ is defined by the de Broglie equation as stated in Equation C.2.  
𝜆 =
h
√2m0q𝑈 (1 +
q𝑈
2m0c2
)
 
where 
h = Planck's constant 
m0 = Electron rest mass 
𝑈 = Accelerating potential 
q = Electronic charge 
c = Speed of light 
Equation C.2 
An electron accelerated by 200 kV will have a wavelength of 2.5 pm compared with     
12.3 pm for an electron accelerated by 10 kV (typical of a SEM). The smallest separation 
d that can be resolved by an imaging system is generally determined by the diffraction 
limit. The diffraction limit is the point at which the principal diffraction maxima of one 
image overlaps with the first minima of another image. The diffraction limited resolvable 
separation d of an electron microscope is defined by Equation C.3 and is linearly 
proportional to wavelength.  
 Appendix C: Characterisation Technique Theory  240 
 
𝑑 ∝
𝜆
sin 𝜃
 where 
𝑛 = An integer value 
𝜃 = Angle between beam and crystal 
Equation C.3 
Assuming identical optical columns, it stands that a TEM will inherently have a smaller 
spot size compared with an SEM. The smaller spot size and thinner samples allow TEM 
measurements to be made with significantly better spatial resolution than normally 
possible with an SEM.  
The sample must be electron-transparent as the signal is produced by the transmitted 
electrons. This limits most samples to a foil thickness of ~ 100 nm. TEM analysis is well 
suited to the investigation of crystalline materials as the electrons will readily diffract 
through the crystal lattice. Different imaging modes can be selected by placing apertures 
in and out of the electron beam. The standard transmission mode involves forming an 
image with the electrons passing directly through the sample. This is referred to as bright 
field imaging. If an aperture is placed in the path of the direct beam, then only scattered 
electrons are imaged. This forms a dark field image, which has the reverse Z-dependency 
of the bright field image. High-Z materials appear dark in bright field and light in dark 
field. Dark field imaging of crystalline materials provides better contrast of crystalline 
defects and features as the signal is dominated by diffracted electrons. The various 
imaging modes and the aperture configurations required to select these modes are 
illustrated in Figure C.4.      
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Figure C.4 – The different imaging modes available with a standard TEM 
[242]. Image © AMMRF under CC BY-SA 3.0 AU 
C.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface specific technique, with an analysis 
depth of ~ 10 nm, that allows the identification and quantification of the surface 
composition of a sample [243]. In a typical modern instrument, the technique involves 
directing a focused beam of monochromatic X-rays at a sample and measuring the kinetic 
energy of the ejected electrons with a hemispherical analyser. These ejected electrons 
comprise of secondary electrons, Auger electrons and photoelectrons. It is primarily the 
photoelectrons, which are ejected from the sample due to the X-ray interacting via the 
photoelectric effect, that are of most interest. Auger electrons may also provide 
information however this was not utilised in the current work and will not be discussed. 
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The photoelectric effect is illustrated in Figure C.5. It is the photoemission process that 
generates the primary XPS signal (see Figure C.5a). 
 
Figure C.5 – An illustrated example of the photoelectric effect [243]. An X-
ray is incident on an oxygen atom and is absorbed, leading to rearrangement 
of the atom and de-excitement via X-ray or Auger electron emission. (a) 
Incident X-ray transfers all of its energy (E = hν) to an inner core electron 
resulting in the emission of a photoelectron. This constitutes the primary XPS 
signal. (b) Atom rearranges and drops an outer, higher energy electron into 
the core vacancy. (c) Atom de-excites by either ejecting an electron from a 
higher energy state (Auger emission) or by characteristic X-ray emission. 
Image © John Wiley & Sons. 
Ignoring inelastic scattering, Equation C.4 may be used to calculate the original binding 
energy EB of the electron using the measured kinetic energy EKE of a photoelectron and 
the known values of the incident X-ray energy Eγ and the detector work function ΦDetector. 
𝐸𝐵 = 𝐸𝛾 − 𝐸𝐾𝐸 − 𝛷𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 Equation C.4 
This binding energy should be characteristic of the atom or compound from which it was 
ejected, and as such elemental and chemical state information can be retrieved. As the 
hemispherical analyser can only distinguish energy, not origin or history of an electron, 
inelastically scattered or secondary electrons will form a background in the XPS spectra, 
with unattenuated photoelectrons identified by their distinct peaks. It is the energy loss 
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associated with scattering that limits the analysis depth. Photoelectrons originating from 
deeper into the bulk have a higher probability of undergoing inelastic scattering and will 
not contribute to the binding energy peak.   
Angle resolved XPS (ARXPS) is a non-destructive method of measuring a depth profile 
that relies on the shallow interaction volume (~ 10 nm) of XPS [158, 161]. The method 
is well suited to measuring the thickness of thin film surface and subsurface layers with 
sub-nm resolution. The reliance on a shallow interaction depth also results in the 
technique being limited to depth profiles of several nm. The technique exploits the Beer-
Lambert equation to determine the likely depth from which a particular photoelectron was 
emitted based on the angle at which it was detected. The Beer-Lambert equation is stated 
in Equation C.5, where Iθ is the measured photoelectron intensity at an angle θ with 
respect to the surface normal, λ is the photoelectron attenuation length, d is the depth of 
interaction and I0 is the expected intensity from an infinitely thick layer of the material. 
𝐼𝜃 = 𝐼0exp [
−𝑑
𝜆cos𝜃
] Equation C.5 
I0 is essentially a normalisation factor to account for X-ray flux, sensitivity factors, atomic 
number densities, asymmetry parameters and geometric factors. The Beer-Lambert plot 
shown in Figure C.6 shows that at increasing angles relative to the surface normal, the 
depth from which a photoelectron is likely to have originated decreases. This increasing 
surface specificity with increasing angle is illustrated further in Figure C.7. 
 Appendix C: Characterisation Technique Theory  244 
 
 
Figure C.6 – Relative photoelectron intensities at 0°, 30° and 40° relative to 
the surface plane for λ = 1.77 nm (attenuation length of tellurium 3d5/3 
electron through CdZnTe). The broken lines represent one attenuation length 
(1λ), which is shown to decrease with increasing emission angle due to the 
additional lateral distance the photoelectron must travel to escape the sample. 
 
Figure C.7 – A schematic comparison of the relative photoelectron peak 
intensities originating from the oxide and substrate layers measured at two 
different angles [161]. The relative intensity of photoelectrons originating 
from the surface oxide layer increases with angle as the interaction depth 
decreases. Image © Thermo Fisher Scientific. 
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C.5 Energy dispersive X-ray spectroscopy 
Many TEMs include an energy dispersive X-ray spectroscopy (EDS) module to allow 
chemical analysis and mapping of the sample. Characteristic X-rays are emitted from the 
sample in a similar manner to those emitted following the photoelectric effect (as 
illustrated in Figure C.8) except that it is an incident electron beam not an X-ray beam 
exciting the core electrons in EDS. These characteristic X-rays are measured by a detector 
mounted above and to the side of the sample. The spatial resolution of EDS is defined by 
the interaction volume of the main electron beam plus the lateral spread associated with 
inelastic scattering events. In SEM the interaction volume is ‘tear-drop’ shaped (see 
Figure C.8). The samples required for TEM are very thin, so the lateral spread is 
relatively small which improves the spatial resolution of TEM measurements. The spatial 
resolution of a TEM also improves with accelerating voltage, which is greater than that 
of SEM. It is routine for a TEM to achieve a sub-nm spatial resolution [244, 245]. This 
compares with a spatial resolution of ~ 1 µm for an EDS measurement made in an SEM. 
 
Figure C.8 – Tear-drop shaped interaction volume formed by an electron beam 
incident on a sample [246]. The red broken line indicates a typical TEM foil 
thickness and illustrates how little the interaction volume spreads by this depth. 
Image © James Whittke. 
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Abstract
Cadmium zinc telluride (CdZnTe) is now established as a popular choice of sensor for the
detection of γ -rays and hard x-rays, leading to its adoption in security, medical and scientific
applications. There are still many technical challenges involving the deposition of
high-quality, uniform metal contacts on CdZnTe. A detailed understanding of the interface
between the bulk CdZnTe and the metal contacts is required for improvements to be made.
To understand these complex interfaces, a range of complementary materials characterization
techniques have been employed, including x-ray photoelectron spectroscopy depth profiling,
focused ion beam cross section imaging and energy dispersive x-ray spectroscopy. In this
paper a number of Redlen CdZnTe detectors with asymmetric anode/cathode contacts have
been investigated. The structures of the contacts were imaged and their compositions
identified. It was found that the two stage electroless indium/electroless gold deposition
process on ‘polished only’ surfaces formed a complex heterojunction on the cathode,
incorporating compounds of gold, gold–tellurium, tellurium oxide (of varying stoichiometry)
and cadmium chloride up to depths of several 100 nm. Trace amounts of indium were found,
in the form of an indium–gold compound, or possibly indium oxide. At the surface of the
CdZnTe bulk, a thin Cd depleted layer was observed. The anode heterojunction, formed by a
single stage electroless gold deposition, was thinner and exhibited a simpler structure of gold
and tellurium oxide. The differing (asymmetric) nature of the anode/cathode contacts gave rise
to asymmetric current–voltage (I–V ) behaviour and spectroscopy.
(Some figures may appear in colour only in the online journal)
1. Introduction
The ternary compound of cadmium zinc telluride (CdZnTe)
is a semiconductor with properties that are well suited to the
application of x/γ -ray radiation detection. The high atomic
numbers of cadmium and tellurium ensure superior stopping
power compared with silicon, gallium arsenide or germanium.
In addition, the wide bandgap of CdZnTe provides the ability to
Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
operate at room temperature whilst maintaining spectroscopic
performance. The binary compound of cadmium telluride
(CdTe) offers the same advantages, however due to the
polarization effects associated with their Schottky contacts
[1, 2] these detectors are limited to a practical thickness of
∼1 mm. Many applications require good detection efficiency
at high energies and this simply cannot be achieved with a 1 mm
device. As CdZnTe does not suffer from the same polarization
effects as Schottky CdTe detectors, CdZnTe detectors can be
fabricated with a thicker active volume. In recent years Redlen
Technologies have delivered significant improvements in the
quality of travelling-heating method (THM) grown CdZnTe
0022-3727/13/455502+10$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA
J. Phys. D: Appl. Phys. 46 (2013) 455502 S J Bell et al
Figure 1. Detector configurations for spectroscopy measurements. (a) Standard configuration and (b) reverse configuration. Radiation
(broken red arrows) was incident on the biased contact.
material, and detectors with a thickness of 15 mm have been
successfully demonstrated [3]. For these reasons, there is
interest in using CdZnTe to make spectroscopic x-ray imagers
in the medical, security and scientific sectors [4–10].
There are still many technical challenges involving the
deposition of high-quality, fine-pitch uniform metal contacts
on CdZnTe, particularly if the application involves high flux.
The rapid build-up of positive space charge during high flux
conditions leads to a break down in the electric field; this is also
referred to as polarization [11]. The performance of the metal
contacts deposited on CdZnTe must be improved to match the
improvement in crystal quality. A better understanding of the
metal–semiconductor (MS) interface is required if contacts are
to be tailored to these high flux applications.
Electroless gold contacts on Cd(Zn)Te have been
extensively investigated before, with characterization methods
such as Rutherford backscattering spectroscopy (RBS)
[12–14], x-ray photoelectron spectroscopy (XPS) [15] and
Auger electron spectroscopy (AES) [16] used to probe the MS
interface formed during the deposition process. The current
work aims to build on these previous studies by introducing a
range of complementary materials characterization techniques,
which when applied together, provide electrical, structural and
detailed chemical information over a range of length scales.
These techniques included current–voltage measurements (I–
V ), XPS depth profiling, focused ion beam (FIB) cross
section imaging, transmission electron microscopy (TEM)
imaging and energy dispersive x-ray spectroscopy (EDS). This
complementary approach has been used to investigate the
asymmetric MS interfaces formed on the anode and cathode
contacts of CdZnTe following Redlen’s past electroless
deposition process on ‘polished only’ surfaces.
2. Experimental procedure
2.1. Sample preparation
The Cd0.9Zn0.1Te detectors investigated in the current study
were grown by THM. Each detector measured 19.3 × 19.3 ×
5 mm3 in size and were configured with a planar contact
deposited by a two stage electroless indium/electroless gold
process on the (1 1 1)B Te-face (cathode) and an 8 × 8 pixel
array of contacts deposited by an electroless gold process
on the (1 1 1)A Cd-face (anode) [17]. Both surfaces were
polished before contact deposition (SiC lapping followed by
0.3 then 0.05 µm alumina slurry polishing). Neither surface
was chemically etched nor chemo-mechanically polished with
bromine methanol or other such agents.
2.2. Current–voltage measurements
A probe station and Keithley pico-ammeter were used to
measure the I–V behaviour in the low voltage (−1 V to +1 V)
and high voltage ranges (−1 kV to +1 kV), with the cathode
biased and the current read out from the shorted anode pixel
array. The bulk resistivity of a sample can be extracted from
a low voltage I–V measurement (as band bending should
be minimal at low biases) [18, 19]. The resistivity, ρ, was
calculated by fitting equation (1) to the low voltage range of
the I–V data, where V was the applied bias, A the contact
area, I the leakage current and d the detector depth
ρ = VA
Id
. (1)
The high voltage range provided a measurement of the leakage
current at typical operating voltages and an idea of the nature
of the device (i.e. Ohmic or blocking). These properties are
often observed to have a greater dependency on the contacts
than on the bulk.
2.3. X-ray spectroscopy
The detectors investigated in the current study were fabricated
with different electrode structures on the two (1 1 1) faces of the
CdZnTe crystal. To investigate what affect this asymmetry had
on the operation of the detector, the detectors were operated
both in standard and reverse configuration (see figure 1).
This involved testing two detectors, with the first detector
configured as standard; the planar electrode on the (1 1 1)B face
negatively biased (−250 V) and the measurement readout from
the pixellated electrode on the (1 1 1)A face (all pixels shorted
together). The second detector was operated in reverse, with
the pixellated electrode on the (1 1 1)A face negatively biased
(−250 V, again all pixels shorted) and the measurement made
from the planar electrode on the (1 1 1)B face. In both instances
the radiation, from a variable energy x-ray source, was incident
on the electrode being biased. An Amptek CoolFET discrete
preamplifier connected to an Ortec 570 amplifier and Canberra
Multiport II MCA were used to record the measured spectra.
2
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2.4. FIB cross section imaging
A Carl Zeiss XB1540 cross-beam FIB was used to mill and
image the MS interface. To preserve the gold surface and
protect from ion beam damage during alignment, a coating
of ion beam platinum, or a dual layer of ion beam tungsten
and sputtered carbon was deposited onto the surface prior to
milling. An ion current of 200 pA was used to mill the main
trench, with a reduced current of 50 pA used to fine polish the
interface for imaging.
Efforts were made to ensure that the results reported were
representative of the entire contact area by investigating several
locations across each sample, with each exposed interface
re-milled at least once to obtain multiple, parallel interface
profiles several micrometres apart.
2.5. TEM and EDS
An FEI 2500 FIB was used to prepare thin (∼100 nm thick)
cross section foils for analysis with a JOEL TEM. The TEM
was used to image the foils in bright and high-angle annular
dark field (HAADF) modes to provide complementary views
of the interface. Each mode produces contrast in a different
manner. An Oxford Instruments EDS module provided
chemical information from line and area scans.
2.6. X-ray photoelectron spectroscopy
XPS analysis and depth profiling was performed using a
Thermo Scientific Theta Probe spectrometer, employing a
monochromated Al Kα characteristic x-ray source with an
energy of 1486.7 eV and a take-off angle (relative to the
surface normal) of 37◦. The binding energies were calibrated
with respect to the aliphatic carbon contamination peak at
285.0 eV and an analyser pass-energy of 50 eV was employed
for elemental peak analysis. The depth profiles were obtained
by sequentially etching layers of material with a 1 µA
current of 3 keV Ar+ ions rastered over an area of 2.5 mm2
followed by XPS analysis. The XPS binding energies of the
elemental peaks considered in the current study are presented
in table 1. The shift in peak positions of tellurium and oxygen
upon oxidation (compared with bulk CdZnTe or OH−/H2O
contamination, respectively) are well known [20, 21] and these
have also been considered.
The atomic composition as a function of etch time was
calculated by applying instrument-modified Wagner sensitivity
factors to the intensity of the measured peaks, following a
Shirley background subtraction. Details of this method can be
found in [22]. A minor variation in the Ar+ ion etch current
was noted during sputtering and to ensure consistency between
measurements, the depth profiles were normalized to the same
etch current of 1 µA (with the assumption that the sputter rate
was linearly proportional to etch time [23]). No attempt was
made to convert etch time to depth because of the variation in
etch rate between the different materials in the surface layers.
Principal component analysis (PCA) is a mathematical
method used to identify patterns within large data sets, such
as XPS depth profile data. When applied to XPS data,
it is possible to identify different regions within the depth
Table 1. The elements and associated photoelectron peaks
considered in the current study [20, 22]. Contamination/oxide/bulk
labels indicate how the element is bonded (where peaks have
shifted).
Element Peak Energy (eV)
Carbon 1s 285.0
Gold 4f7/2 and 4f5/2 84.0 and 87.6
Indium 3d5/2 and 3d3/2 443.9 and 451.4
Oxygen 1s (oxide) 529.5–530.6
Oxygen 1s (contamination) 532.0–533.1
Chlorine 2p3/2 and 2p1/2 198.5 and 200.1
Tellurium 3d5/2(oxide) 575.2–576.3
Tellurium 3d5/2(bulk/elemental) 572.2–573.1
Cadmium 3d5/2 405.1
Zinc 2p3/2 1021.8
profile where a particular photoelectron peak has shifted or
broadened. This can be related to a variation in the chemical
bonding or state of the element of interest. If a number of
principal components are identified for a particular element, it
can indicate multiple chemical states of that element through
the depth profile. The PCA method was used to identify
the principal components associated with the elements listed
in table 1 and the intensity of these components plotted as
a function of etch time. It was then possible to assess if
any of these components where located in coincidence with
a component from a different element, thus suggesting the
presence of a chemical compound of these two elements in
this region. Further information regarding the PCA method
can be found in the literature [22, 24].
The x-ray spot used during the experiment had a radius
of ∼400 µm; this defined the analysis area and the resulting
profile was an average over this area. While XPS results are
more likely to be representative of the contact interface as a
whole, techniques such as FIB/TEM provide information on
small scale structure.
3. Results and discussion
3.1. Current–voltage measurements
The high voltage I–V measurements, with current density
plotted as a function of field strength, are displayed in figure 2
for two of the detectors investigated. Details of the resistivity
and the measured leakage current at 1500 V cm−1 (typical
operating field strength) for each detector are presented in
table 2.
Both detectors produced a diode-like response, with high
leakage in the forward direction and blocking behaviour in the
reverse direction. Many Redlen detectors were tested during
the current study and such I–V behaviour was representative
of the majority of these detectors. This asymmetry was
related to the significantly different contacts formed on the
two (1 1 1) faces. These detectors were configured for the
(1 1 1)B Te-face to be operated as the cathode and the (1 1 1)A
Cd-face operated as the anode (i.e. reverse biasing of Te-
face), as illustrated by figure 1(a). For a Au/CdZnTe/Au
detector, it has been suggested that this configuration creates
a blocking cathode (restricting electron injection from the
3
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Figure 2. High voltage range I–V measurements for detectors A
and B. Current density plotted as a function of field strength.
Table 2. The resistivity and leakage current for detectors A and B.
Leakage current measured at −1500 V cm−1 and normalized for a
single 2.5 mm pitch pixel.
Resistivity Leakage current
Detector (×1011  cm) (nA per 2.5 mm pixel)
A 6 ± 1 0.25
B 2.4 ± 0.4 0.15
contact into the bulk) and Ohmic anode (improving electron
collection following an interaction) [17]. This configuration
has a disadvantage when the poor hole transport of CdZnTe is
considered, due to positive charge build up at the cathode. An
injection of electrons at the cathode is required to neutralize this
build-up of positive charge and this is achieved by introducing
an intermediate layer of indium between the bulk and gold
cathode contact. The work function of indium (In = 4.1 eV
[25]) is lower than gold (Au = 5.1 eV [26]) and high
resistivity CdZnTe (which is approximately the same as gold).
This asymmetric Au/In/CdZnTe/Au configuration produces an
imbalance between the heights of the Schottky barriers formed
at each contact and so current will flow preferentially in one
direction across the device.
The leakage current reported was normalized to represent
a single 2.5 mm pitch anode pixel (the pitch of Redlen’s
standard medical imaging module). Measurements were not
made of individual pixels, so it was not possible to comment
on uniformity across the array. The values measured were
considered to be very low. The resistivities of the two samples
were all measured to be in the order of 1011  cm, which is
very high for CdZnTe.
3.2. X-ray spectroscopy
The energy spectra measured with detectors A and B following
irradiation by a Ba x-ray source and a Tb x-ray source are
presented in figure 3. Detector A was configured as standard,
with the planar contact negatively biased and readout from
the shorted pixellated contact and detector B was configured
in reverse, as illustrated in figure 1. The full-width at
half-maximum (FWHM) of the 32.2 keV Ba kα peak was
measured to be 2.2 keV (7.0% energy resolution) for detector A
Figure 3. Energy spectra measured by detectors A and B following
irradiation by (a) Ba x-ray source and (b) Tb x-ray source.
and 2.8 keV (8.5%) for detector B. The FWHM of the
44.5 keV Tb kα peak was measured to be 1.4 keV (3.2%)
for detector A and 2.1 keV (4.7%) for detector B. These
results confirmed the superior spectroscopic performance of
the standard configuration over the reverse configuration and
were related to the asymmetric I–V behaviour reported in
figure 2.
3.3. FIB and TEM analysis
Cross sectional FIB and bright field TEM images taken of
the Au/In cathode contact are presented in figure 4. Regions
of differing contrast were observed below the gold layer
indicating a complicated structure. Small ‘specks’ of bright
contrast were observed in the FIB image within an extended
region (∼400–700 nm thick) below the gold layer. Following
this, two further layers were observed before the bulk CdZnTe
was reached. The total interface depth was measured to
vary from ∼400 to 700 nm over several micrometres. It has
previously been reported such variation in interface depth
was related to polishing damage and associated sub-surface
strain [27], however this variation has also been observed in
chemo-mechanically polished surfaces following electroless
deposition but not following sputter deposition [28]. Chemical
or chemo-mechanical etching, with agents such as bromine
methanol, has been demonstrated to remove polishing induced
surface damage [29–31]. It was concluded that the variation
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Figure 4. (a) In situ FIB secondary electron image and (b) bright
field TEM image of the interface region of the Au/In cathode
contact.
observed in the present study was the result of a localized
difference in the rate of reaction of the electroless process.
The EDS area maps presented in figure 5 show a
mixture of gold and oxygen within the extended region
below the gold surface layer of the cathode contact and
an aggregation of chlorine close to the CdZnTe interface.
The profile measured was characteristic of an electroless
deposition process involving gold chloride in deionized water;
the CdZnTe surface was oxidized during the deposition
process with gold forming on top and throughout the oxide
region [14, 32]. A layer of cadmium depletion and tellurium
enrichment towards the bulk was observed. This was attributed
to the preferential removal of cadmium by the gold chloride
solution and subsequent precipitation of cadmium chloride due
to supersaturation of the Cd2+ and Cl− containing solution.
The precipitation of CdCl2 will reduce the crystal quality
and increase voiding [33–36] due to the solubility of chloride
salts and sub-surface stress from lattice mismatches causing
strain and local deformations. The bright regions observed
in the bright field image of figure 4 were consistent with
porosity or voiding. The presence of voiding, and modification
of the material stoichiometry, makes it highly likely that
the region may contain vacancies, interstitials and defect
complexes. It has previously been reported that an increase
in the concentration of cadmium vacancies occurs during
electroless deposition [13] while other authors have proposed
that the presence of chlorine is correlated with an increase in the
concentration of cadmium interstitials (EC−0.56 eV) [37]. It is
also well known that chlorine compensates cadmium vacancies
in CdZnTe forming an A-centre (EV+0.12 eV) with the shallow
chlorine donor, ClTe (EC − 0.14 eV) [38–40].
Bright and dark field TEM images and an EDS line scan of
the anode contact are presented in figure 6. A thin gold surface
layer of ∼15 nm was observed, with a shallow region of oxygen
and chlorine below. Gold had also penetrated this sub-surface
region. Compared with the earlier cathode interface, the anode
interface was much simpler. The observed difference between
the cathode and anode was in agreement with the asymmetric
I–V and spectroscopic response of the detectors.
3.4. XPS depth profiles
The XPS depth profile taken through the cathode interface
is presented in figure 7. In agreement with the earlier EDS
chemical maps, the cathode was found to be a complicated
heterojunction interface of gold/mixed gold, oxide and
tellurium/mixed oxide and chloride/bulk CdZnTe, with this
heterojunction superimposed, or penetrating into the Cd(Zn)Te
bulk. The bulk ratio of Cd(Zn) : Te was found to be 0.99±0.02,
consistent with what would be expected from detector grade
CdZnTe. The measured composition of the cathode interface
is different from bulk CdZnTe and will not contribute towards
the active volume of the detector. As has previously been
observed [41], any extended inactive area below the cathode is
potentially significant, especially when radiation is incident on
the cathode and of low energy which would result in a shallow
interaction.
Low levels of indium were measured throughout the
interface of the cathode contact of detector B. The signal was
measured to peak at only 0.9 atomic%, between an etch time
of 5000–10 000 s. This peak concentration compared with a
background (or noise) measurement of ∼0.6 at% at an etch
time of 18 000 s (in the bulk). The indium photopeak spectrum,
formed by summing all measurements between 5000 and
10 000 s is shown in figure 8; the 3d5/2 and 3d3/2 photoelectron
peaks were measured at binding energies of 444.8 eV and
452.2 eV, respectively. These binding energies represent a shift
of ∼0.9 eV from the expected elemental values (as given in
table 1) and puts the 3d5/2 peak close to the reported 444.5 eV
position of In2Te3 and In2O3 [20]. Compounds of indium
with gold have been reported at slightly lower 3d5/2 binding
energies; ∼444.1–441.2 eV [42]. The electroless deposition of
indium is a relatively weak process, especially when compared
with the electroless deposition of gold, and the subsequent
deposition of gold on top of the indium layer has caused
dispersion of indium through the interface region resulting
in the observed low concentration and diffuse distribution of
indium. Despite the low concentration and diffuse distribution,
it has been demonstrated that the presence of indium does have
a beneficial effect on the performance of CdZnTe radiation
detectors [17].
The photoelectron peaks of oxygen, tellurium, gold and
cadmium were observed to shift at different regions within the
profile. The observed shifts were considered to represent a
change in chemical state. Examples of the gold and cadmium
photoelectron peaks measured within the interface of the
cathode contact on detector B are given in figure 9. Rather
than attempt to peak fit each individual spectrum acquired at
every depth level, it was decided to apply PCA to the gold and
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Figure 5. (a) Dark field TEM image of cathode contact and (b) to (f ) x-ray intensity maps of the elements of interest.
cadmium datasets in order to identify any spectral patterns that
may relate to the peak shifts identified in figure 9.
Two PCA components were found within the gold spectra
dataset, the second component represented a slight shift and
broadening of the Au 4f photoelectron peaks to higher energies
(84.2 eV). The relative intensities of the two components were
quantified and plotted as a function of etch time, and this
is shown in figure 10. The intensity and distribution of the
second gold component (Au PCA2) was found to track that of
the tellurium 3d5/2photoelectron peak (Te 3d5 El) with good
agreement up to an etch time of 10 000 s, strongly indicating the
formation of a AuTe phase in this region. The tellurium 3d5/2
elemental peak was also observed to shift in this region, from
a bulk value of 572.4 eV (measured after 22 000 s) to 572.9 eV
(measured after 6000 s); this is shown in figure 11. Within
the surface layer of gold (after etching for 600 s), the binding
energy of the 4f5/2 gold peak was measured to be 84.0 eV,
which was consistent with elemental gold (see figure 9(a)).
The first gold PCA component (Au PCA1), located at 84.0 eV,
was related to this elemental gold and the distribution of this
PCA component through the depth profile was an indication
that elemental gold was distributed throughout the extended
interface, and mixed with the AuTe phase. It was shown
in figure 4 that the gold was present as particulates in this
region; it is proposed that these particulates had an internal
bulk composition of elemental gold and a surface composition
of AuTe. The two PCA components of gold are displayed in
the insert of figure 10.
Two cadmium components were identified using PCA.
The first component (Cd PCA1) corresponded to bulk CdZnTe
and the second component (Cd PCA2) was associated with a
shift to higher binding energies (405.6 eV), compared with
the bulk CdZnTe. The second cadmium component was
found to be co-distributed with chlorine, which was distributed
throughout the mixed gold-oxide region and had a peak
concentration of 8–9 at% (∼1021 cm−3) after an etch time of
∼13 000 s, at the interface with the bulk. This concentration
was above the solubility limit of 1019 cm−3 in CdTe [36]. The
distributions of chlorine and cadmium are shown in figure 12,
along with an insert showing the two primary components
identified by PCA. The similarity of the Cd PCA2 and Cl
distributions was an indication of the presence of a compound
between the two elements. The chlorine 2p3/2 peak had
a binding energy of 198.5 eV, typical of a metal chloride
compound. The cadmium 3d5/2 peak had a binding energy
of 405.0 eV in the CdZnTe bulk but the peak energy was
measured to increase by ∼0.2 eV and also to broaden by
∼0.2 eV (FWHM) between an etch time of ∼2000–15 500 s
(see figure 9(b)). The cadmium peak is known to shift to
higher binding energies when bound with Cl [20, 43]. The
ratio of the second cadmium PCA component (Cd PCA2)
to chlorine (Cl 2p) was found to be ∼1 : 1 throughout the
profile suggesting a phase of CdCl, although CdCl2 could have
formed [33–36] with the ratio distorted by preferential etching.
The position (405.0 eV) and distribution of the first cadmium
component (Cd PCA1) was consistent with cadmium bound
as CdZnTe. A contribution from cadmium oxide (CdO or
CdTeO3) to the two PCA components was also possible.
The ratio of oxygen to tellurium (both in an oxide form)
was calculated from the atomic percentage values measured
during the XPS analysis. If it is assumed that the interfacial
oxide was a phase of tellurium oxide, then this ratio would be
an indication of the value of n in TeOn (e.g. a ratio of 2.5 would
suggest a mixed layer of TeO2 and TeO3). Figure 13 shows
how this ratio evolved through the interface for the cathode
contact. The ratio increased from ∼1–2 close to the surface,
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Figure 6. (a) Bright field and (b) dark field TEM images showing
the interface region of the anode contact. (c) EDS line scan through
the interface of the anode contact. Location of the line scan
indicated by the broken line.
to ∼4–5 nearer the bulk. The majority of the interfacial oxide
content existed in regions with ratios of ∼2–3. It was unlikely
that a phase of TeO4–5 was present; instead it is suggested that
the oxide phase evolved through the interface from a phase of
TeO2 near the surface, to CdTeO3 nearer the bulk (CdTeO3 has
been reported as the most stable oxide to form in the Cd–Te–O
system [44]). The highest ratios were a result of the reduced
signal to noise ratio of the increasingly weak oxide signals, but
there could be a contribution from CdO or ZnO.
The XPS depth profile taken through the interface of
the anode contact is given in figure 14. The profile agreed
with the corresponding TEM and EDS results (see figure 6),
Figure 7. XPS depth profile through the cathode contact.
Figure 8. The 3d5/2 and 3d3/2indium photoelectron peaks, measured
at 444.8 eV and 452.2 eV, respectively. Spectrum formed by
summing spectra between etching times of 5000 and 10 000 s and
applying a moving average smoothing function.
with a weak gold surface layer, consistent with the semi-
transparent appearance of the contact, and a weak interfacial
oxide signal. It was not possible to determine if the oxygen
content was present as a ‘discrete’ oxide layer, or simply a
result of contamination and diffusion through the very thin
gold layer. The bulk ratio of Cd(Zn) : Te was found to be
1.04 ± 0.02, consistent with what would be expected from
detector grade CdZnTe.
4. Conclusions and summary
The quality and yield of CdZnTe material has steadily
increased in recent years and the limit in performance is
now due to the quality of the metal contacts. Uniform
metal pixels on CdZnTe radiation detectors must be further
developed before these detectors can realize their potential. A
better understanding of the MS interface formed during the
deposition of metal contacts onto bulk CdZnTe will lead to
improvements in detector performance.
The work presented has contributed to this development
by introducing how a range of complementary characterization
techniques, such as I–V analysis, XPS depth profiling, FIB
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Figure 9. (a) The 4f7/2 and 4f5/2 gold photoelectron peaks. The
4f7/2 peak was measured to have a binding energy of 84.0 eV after
etching for 600 s (solid line) and 84.1 eV after etching for 6 200 s
(dashed line). (b) The 3d5/2 and 3d3/2 cadmium photoelectron
peaks. The 3d5/2 peak was measured to have a binding energy of
405.2 eV after etching for 12 400 s (dashed line) and 405.0 eV after
etching for 22 800 s (solid line).
Figure 10. XPS Depth profile through the cathode contact showing
the concentration of tellurium and two PCA components of gold,
indicative of elemental Au and AuTe. Insert: The two primary
components identified within the gold spectra dataset using PCA.
The Au PCA1 component was measured to have a 4f7/2 binding
energy of 84.0 eV and the Au PCA1 component was measured to
have a 4f7/2 binding energy of 84.2 eV.
cross section imaging, TEM imaging and EDS mapping, can
be used to investigate the MS interface.
The asymmetric construction of Redlen’s detectors,
via the direct electroless deposition on ‘polished only’
Figure 11. The 3d5/2 elemental (CdZnTe/AuTe) and oxide
(TeO2/CdTeO3) tellurium photoelectron peaks. The 3d5/2 elemental
peak was measured to have a binding energy of 572.9 eV after
etching for 6000 s (dashed line), 573.0 eV after etching for 11 400 s
(dotted line) and 572.4 eV after etching for 22 000 s (solid line).
Figure 12. Depth profile through the cathode contact showing the
distributions of components of cadmium and chlorine found using
PCA. Insert: The two primary components identified within the
cadmium spectra dataset using PCA. The Cd PCA1 component was
measured to have a 3d5/2 binding energy of 405.0 eV and the
Cd PCA2 component was measured to have a 3d5/2 binding energy
of 405.6 eV.
surfaces, produced a diode-like response and superior spectral
performance with the (1 1 1)B contact reverse biased. Cross
section images taken with a FIB and TEM revealed a
complicated, multi-layer structure to the cathode interface.
Chemical depth profiling with XPS and EDS mapping
complemented these images by confirming the presence of
a diffuse gold/oxide region, on a layer of oxide and metal
chloride. The tellurium based oxide phase was seen to evolve
through the interface. It was found that TeO2 dominated
near the surface, but phases of TeO3, CdTeO3 or other Cd
or Zn based oxides increased towards the bulk. The Au was
present as a surface layer, but was also distributed within the
extended oxide layer as particulates. The composition of these
particulates was proposed to be elemental Au in the particulate
bulk and AuTe at the particulate surface. Indium was present
at trace/dopant levels throughout the interfacial region. The
structure of the anode contact was simple, with a thin layer
8
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Figure 13. Ratio of oxygen to tellurium in oxide form as a function
of etch time for the cathode contact. The increased variability of the
data at higher etch times was related to the reduced signal to noise
ratio at low oxide levels.
Figure 14. XPS depth profile through the anode contact.
of gold deposited onto the bulk and only a small presence of
oxide.
The thickness and uniformity of the interface layers varied
significantly from sample to sample, and from site to site within
a single sample. A simple metal–oxide–semiconductor model
quoting only the metal work function and oxide depth and
phase is an insufficient description of the MS interfaces found
between metal contacts and CdZnTe following electroless
deposition.
Acknowledgments
The authors would like to thank Dr Steven Hinder
(Surface Analysis Lab, University of Surrey), Chris Burt
(MicroStructural Studies Unit, University of Surrey) and Dr
Suguo Huo (London Centre for Nanotechnology) for their
assistance in acquiring XPS, EDS and FIB data. This work was
funded by the EPSRC via the MiNMaT Industrial Doctorial
Centre of the University of Surrey in collaboration with the
Rutherford Appleton Laboratory (Science and Technology
Facilities Council).
References
[1] Meuris A, Limousin O and Blondel C 2011 Characterization
of polarization phenomenon in Al-Schottky CdTe detectors
using a spectroscopic analysis method Nucl. Instrum.
Methods Phys. Res. A 654 293–9
[2] Funaki M, Ando Y, Jinnai R, Tachibana A and Ohno R 2007
Development of CdTe detectors in Acrorad Proc. Int.
Workshop on Semiconductor PET
[3] Zhang F, Kaye W R and He Z 2009 Performance of 3-D
position sensitive CdZnTe detectors for gamma-ray energies
above 1 MeV 2009 IEEE Nuclear Science Symp. Conf.
Record ed B Yu (Piscataway, NJ: IEEE) p 2012
[4] Schlesinger T E, Toey J E, Yoon H, Lee E Y, Brunett B A,
Franks L and James R B 2001 Cadmium zinc telluride and
its use as a nuclear radiation detector material Mater. Sci.
Eng. 32 103–89
[5] Sordo S D, Abbene L, Caroli E, Mancini A M, Zappettini A
and Ubertini P 2009 Progress in the development of
CdTe and CdZTe semiconductor radiation detectors
for astrophysical and medical applications Sensors
9 3491–526
[6] Owens A and Peacock A 2004 Compound semiconductor
radiation detectors Nucl. Instrum. Methods Phys. Res. A
531 18–37
[7] Szeles C, Soldner S A, Vydrin S, Graves J and Bale D S 2008
CdZnTe Semiconductor detectors for spectroscopic x-ray
imaging IEEE Trans. Nucl. Sci. 55 572–82
[8] O’Flynn D, Reid C, Christodoulou C, Wilson M D, Veale M C,
Seller P and Speller R D 2012 Pixelated diffraction
signatures for explosive detection Detection and Sensing of
Mines, Explosive Objects, and Obscured Targets
(Baltimore, MD) XVII ed J T Broach and J H Holloway
Proc. SPIE 8357 83570X
[9] Scuffham J W, Wilson M D, Seller P, Veale M C, Sellin P J,
Jacques S D M and Cernik R 2012 A CdTe detector for
hyperspectral SPECT imaging J. Instrum. 7 P08027
[10] Jacques S D M, Egan C K, Wilson M D, Veale M C, Seller P
and Cernik R J 2013 A laboratory system for element
specific hyperspectral x-ray imaging Analyst 138 755–9
[11] Bale D S, Soldner S A and Szeles C 2008 A mechanism for
dynamic lateral polarization in CdZnTe under high flux
x-ray irradiation Appl. Phys. Lett. 92 082101
[12] Zheng Q, Dierre F, Corregidor V, Crocco J, Bensalah H,
Plaza J L, Alves E and Dieguez E 2012 Electroless
deposition of Au, Pt, or Ru metallic layers on CdZnTe Thin
Solid Films 525 56–63
[13] Hage-Ali M, Ayoub M, Roumie M, Lmai F, Zahraman K,
Nsouli B and Sowinksa M 2004 CdTe nuclear detector
electroless contact studies—new results on contact
structures, interfaces, and stress IEEE Trans. Nucl. Sci.
51 1875–9
[14] Roumie M, Hage-Ali M, Zahraman K, Nsouli B and Younes G
2004 Characterization of electroless Au, Pt, and Pd contacts
on CdTe and ZnTe by RBS and SIMS techniques Nucl.
Instrum. Methods Phys. Res. B 219 871–4
[15] Zha G, Jie W, Tan T, Zhang W and Xu F 2007 The interface
reaction and Schottky barrier between metals and CdZnTe
J. Phys. Chem. C 111 12834–8
[16] Lee S H, Kim I J, Choi Y J, Hong J K, Lee H K, Chung Y C,
Yi Y, Kim S U and Park M J 2000 The comparison on the
performance of a gamma-ray spectrometer with the
variation of Pt(Au)/CdZnTe/Pt(Au) interface J. Cryst.
Growth 214/215 1111–5
[17] Chen H, Awadalla A, Marthandam P, Iniewski K, Lu P H and
Bindley G 2009 CZT Device with Improved Sensitivity for
Medical Imaging and Homeland Security Applications
Hard X-Ray, Gamma-Ray, and Neutron Detector Physics XI
ed R B James et al (Washington, DC: SPIE)
9
J. Phys. D: Appl. Phys. 46 (2013) 455502 S J Bell et al
[18] Li Q, Wanqi J, Fu L, Zhang X, Wang X, Bai X and Zha G
2006 Investigation on the electrical properties of
metal–Cd0.9Zn0.1Te contacts Mater. Sci. Eng. B
135 15–19
[19] Veale M C 2009 Charge transport and low temperature
phenomena in single crystal CdZnTe PhD Thesis University
of Surrey
[20] Moulder J F, Stickle W F, Sobol P E and Bomben K D 1995
Handbook of X-ray Photoelectron Spectroscopy (Eden
Prairie, MN: Physical Electronics Inc)
[21] Babar S, Sellin P J, Watts J F and Baker M A 2013 An XPS
Study of bromine in methanol etching and hydrogren
peroxide passivation treatments for cadmium zinc telluride
radiation detectors Appl. Surf. Sci. 264 681–6
[22] Thermo Scientific 2012, Avantage. Available:
www.thermoscientific.com/ecomm/servlet/productsdetail?
productId=11962807&groupType=PRODUCT
&searchType=0&storeId=11152&from=search
[2012, 03/27]
[23] Watts J F and Wolstenholme J 2003 An Introduction to Surface
Analysis by XPS and AES (Chichester: Wiley)
[24] Artyushkova K and Fulghum J E 2001 Idenification of
chemical components in XPS spectra and images using
multivariate statistical analysis methods J. Electron
Spectrosc. Relat. Phenom. 121 33–55
[25] Haynes W M (ed) 2012 CRC Handbook of Chemistry and
Physics 93rd edn (Boca Raton, FL: CRC Press)
[26] Michaelson H B 1977 The work function of the elements and
its periodicity J. Appl. Phys. 48 4729
[27] Awadalla S A et al 2010 Characterization of detector-grade
CdZnTe crystals grown by travelling heater method (THM)
J. Cryst. Growth 312 507–13
[28] Bell S J et al 2013 Characterisation of the
metal–semiconductor interface of gold contacts on
CdZnTe formed by electroless deposition J. Phys.
Chem. C in press
[29] Chen H et al 1996 Low-temperature photoluminescence of
detector grade Cd1−XZnXTe Crystal treated by difference
chemical etchants J. Appl. Phys. 80 3509
[30] Rybka A V, Leonov S A, Prokhoretz I M, Abyzov A S,
Davydov L N, Kutny V E, Rowland M S and Smith C F
2001 Influence of detector surface processing on detector
performance Nucl. Instrum. Methods Phys. Res. A
458 248–53
[31] Cui Y, Groza M, Burger A and James R B 2004 Effects
of surface processing on the performance of Cd1−xZnxTe
radiation detectors IEEE Trans. Nucl. Sci. 51 1172–5
[32] Zheng Q et al 2012 Investigation of generation of defects due
to metallization on CdZnTe detectors J. Phys. D: Appl.
Phys. 45 175102
[33] Magee T J, Peng J and Bean J 1975 Microscopic defects and
infrared absorption in cadmium telluride Physica Status
Solidi a 27 557–64
[34] Matveev O A and Terent’ev A I 2000 Basic principles of
postgrowth annealing of CdTe : Cl ingot to obtain
semi-insulating crystals Electron. Opt. Prop. Semicond.
34 1264–9
[35] Marfaing Y 2001 Impurity doping and compensation
mechanisms in CdTe Thin Solid Films 387 123–8
[36] Popovych V D, Virta I S, Sizovc F F, Tetyorkinc V V,
Tsybrii Z F, Darchuk L O, Parfenjuk O A and Ilashchuk M I
2007 The effect of chlorine doping concentration on the
quality of CdTe single crystals grown by the modified
physical vapor transport method J. Cryst. Growth 308 63–70
[37] Hage-Ali M and Siffert P 1995 Growth methods of CdTe
nuclear detector materials Semicond. Semimet. 43 219–57
[38] Castaldini A, Cavallini A, Fraboni B, Fernandez P and
Piqueras J 1996 Comparison of electrical and luminescence
data for the a center in CdTe Appl. Phys. Lett. 69 3510–2
[39] Ricq S, Glasser F and Garcin M 2001 Study of CdTe and
CdZnTe Detectors for x-ray computed tomographyNucl.
Instrum. Methods Phys. Res. A 458 534–43
[40] Fiederle M, Babentsov V, Franc J, Fauler A and Konrath J-P
2003 Growth of High Resistivity CdTe and (Cd, Zn)Te
Crystals Cryst. Res. Technol. 38 588–98
[41] Zahraman K et al 2006 Study of the thickness of the dead
layer below electrodes, deposited by electroless technique,
in CdTe nuclear detectors IEEE Trans. Nucl. Sci. 53 378–82
[42] Jayne D T, Fatemi N S and Weizer V G 1991 An x-ray
photoelectron spectroscopy study of AuXInY alloys J. Vac.
Sci. Technol. A 9 1410–5
[43] Shindov P C and Anastasova T G 2006 XRD, XPS and SEM
characterization of photoconductive CdS–CdO Layers
deposited by vacuum thermal evaporation Electronics
Technology 2006 (Sozopol, Bulgaria) p 122
[44] Rhiger D R and Kvaas R E 1983 Solid-state quaternary phase
equilibrium diagram for the Hg–Cd–Te–O system J. Vac.
Sci. Technol. A 1 1712–8
10
This content has been downloaded from IOPscience. Please scroll down to see the full text.
Download details:
This content was downloaded by: sjbell
IP Address: 139.143.5.160
This content was downloaded on 07/07/2015 at 16:19
Please note that terms and conditions apply.
Characterization of the metal–semiconductor interface of gold contacts on CdZnTe formed by
electroless deposition
View the table of contents for this issue, or go to the journal homepage for more
2015 J. Phys. D: Appl. Phys. 48 275304
(http://iopscience.iop.org/0022-3727/48/27/275304)
Home Search Collections Journals About Contact us My IOPscience
1 © 2015 IOP Publishing Ltd Printed in the UK
1. Introduction
Cadmium zinc telluride (CdZnTe) is a wide-bandgap semi-
conductor with a high x/γ-ray stopping power. These 
properties allow for compact, room temperature operation as 
a radiation detector in a variety of applications [1–5]. As part 
of the HEXITEC collaboration [6], the Rutherford Appleton 
Laboratory (RAL) has produced a range of fully-spectro-
scopic small pixel CdTe and CdZnTe detectors and related 
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Abstract
Fully spectroscopic x/γ-ray imaging is now possible thanks to advances in the growth of 
wide-bandgap semiconductors. One of the most promising materials is cadmium zinc telluride 
(CdZnTe or CZT), which has been demonstrated in homeland security, medical imaging, 
astrophysics and industrial analysis applications. These applications have demanding energy 
and spatial resolution requirements that are not always met by the metal contacts deposited on 
the CdZnTe. To improve the contacts, the interface formed between metal and semiconductor 
during contact deposition must be better understood. Gold has a work function closely 
matching that of high resistivity CdZnTe and is a popular choice of contact metal. Gold 
contacts are often formed by electroless deposition however this forms a complex interface. 
The prior CdZnTe surface preparation, such as mechanical or chemo-mechanical polishing, 
and electroless deposition parameters, such as gold chloride solution temperature, play 
important roles in the formation of the interface and are the subject of the presented work. 
Techniques such as focused ion beam (FIB) cross section imaging, transmission electron 
microscopy (TEM), energy dispersive x-ray spectroscopy (EDS), x-ray photoelectron 
spectroscopy (XPS) and current  −  voltage (I–V) analysis have been used to characterize the 
interface. It has been found that the electroless reaction depends on the surface preparation 
and for chemo-mechanically polished (1 1 1) CdZnTe, it also depends on the A/B face identity. 
Where the deposition occurred at elevated temperature, the deposited contacts were found to 
produce a greater leakage current and suffered from increased subsurface voiding due to the 
formation of cadmium chloride.
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2
ASICs [7–9]. These detectors have been demonstrated in the 
fields of medical imaging [10–12], homeland security [13, 14] 
and materials science [15, 16].
Spectroscopic x-ray imaging is demanding in both energy 
and spatial resolution requirements. Two of the major factors 
that affect energy and spatial resolution are material quality 
and metal contacts. Refinements in the growth process have 
delivered consistent improvements in both yield and quality of 
single crystal CdZnTe [17]. For small pixel CdZnTe detectors, 
the metal contacts are now considered to be the limiting factor 
in detector performance [18]. It is necessary to deposit metal 
contacts on the CdZnTe to allow a bias to be applied across 
the crystal and to allow the charge released during a radia-
tion interaction to be collected and measured by the readout 
electronics. The work function of the contact metal and the 
presence of interface states strongly influence the electronic 
and spectroscopic performance of the detector. Through 
careful control of the crystal processing and contact deposi-
tion processes the concentration of defects in the metal–sem-
iconductor interface may be controlled. Forming a uniform 
interface between the metal and bulk CdZnTe ensures that the 
charge transport and counting efficiency is uniform across the 
detector. This is particularly important for pixellated imaging 
detectors.
Gold is the most commonly used contact metal for CdZnTe 
as it is a good conductor and has a work function of 5.1 eV 
[19], similar to that of high resistivity CdZnTe which is in the 
order of 5.0 eV. There are several methods of gold deposition; 
thermal evaporation, sputtering and electroless deposition. 
Electroless deposition has been observed to result in greater 
adhesion compared with thermally evaporated contacts [20]. 
This is explained by the increased chemical bonding and 
greater incorporation of gold into the metal–semiconductor 
interface [21, 22]. Electroless deposition of gold has also been 
shown to produce better spectroscopy compared with sput-
tered or thermally evaporated contacts [21, 23–25].
The minimum preparation required for a CdZnTe detector 
prior to contact deposition is mechanical polishing of the top 
and bottom surfaces with fine-grain alumina or silicon carbide. 
Further treatments, such as chemo-mechanical polishing with 
a bromine etchant [26], passivation [27–29] and hydrogen 
plasma [30] or argon ion [31] etching have been demonstrated 
to reduce leakage current, modify the surface stoichiometry 
and work function, and improve detector performance.
The electroless deposition of gold onto CdTe and CdZnTe 
and the effects of mechanical and chemo-mechanical surface 
polishing of these materials have previously been investi-
gated. Characterization techniques such as x-ray photoelec-
tron spectroscopy (XPS) [25], Auger electron spectroscopy 
(AES) [23], Rutherford backscattering spectroscopy (RBS) 
[22, 32, 33], atomic force microscopy (AFM) [22, 24, 26, 34, 
35] and scanning electron microscopy (SEM) [22, 26] have 
been used in these investigations.
The current work expands on the literature by combining a 
range of characterization techniques to investigate the effects 
of gold chloride solution temperature and prior surface prepa-
ration on the metal–semiconductor interface. Examples of 
subsurface damage related to prior surface damage are also 
discussed. Focused ion beam (FIB) cross section  imaging, 
transmission electron microscopy (TEM), AFM, XPS depth 
profiling, energy dispersive x-ray spectroscopy (EDS) and 
current–voltage (I–V) measurements have been used to deter-
mine the structural, chemical and electronic properties of the 
metal–semiconductor interface formed during electroless dep-
osition. This is the first time that the effects of gold chloride 
solution temperature have been investigated and the first time 
that such a detailed analysis has been applied to the electroless 
deposition process on differently prepared CdZnTe surfaces. 
The results have furthered the understanding of the contact 
deposition process and allowed improvements to be made in 
the fabrication of CdZnTe detectors at RAL.
2. Experimental methods
2.1. Sample preparation
The (1 1 1) orientated single-crystal CdZnTe material used in 
the current study was grown by Redlen Technologies Inc. using 
the travelling heater method (THM) [17] and supplied with 
dimensions of 19.5   ×   19.5   ×   5 mm3. The crystals were diced 
into sub-samples and reprocessed to remove the original con-
tacts deposited by Redlen. Mechanically polished-only (MP) 
detectors were prepared by lapping with 3 μm Al2O3 abrasive 
slurry, followed by a two stage mechanical polish with 0.3 and 
0.05 μm Al2O3 abrasive slurry. Chemo-mechanically polished 
(CMP) detectors were lapped and mechanically polished as 
above, followed by a 2 min 1% bromine-in-methanol chemo-
mechanical polish.
A tetrachloroauric(III) acid solution with a HAuCl4 to 
H20/HCl ratio of 1 : 25 was used for the electroless deposi-
tion [22, 23, 33]. The electroless reaction is dominated by the 
removal of cadmium rather than tellurium from the CdZnTe 
surface. This is due to the greater standard potential, ΔE0, 
of the reaction with cadmium. The two competing reactions 
are stated in equations (1) and (2) [22]. A temperature con-
trolled hot plate or ice bath was used to maintain the solution 
at the desired temperature, from 0 to 40 °C. Before contact 
deposition, the detectors were cleaned with acetone and iso-
propanol and then rinsed with deionized water. The crystal 
edges were protected with photoresist to stop gold forma-
tion before being submerged in the gold chloride solution. 
Following gold deposition the detectors were annealed at 
85 °C for 30 min. The gold layer formed by this process was 
in the order of 10’s nm thick.
+ → + +
Δ = +
− − +
E
2AuCl 3Cd 2Au 8Cl 3Cd ,
1.40V
4 surface surface
2
0
 
(1)
+ → +
+ Δ = +
− −
+ E
4AuCl 3Te 4Au 16Cl
3Te , 0.43V.
4 surface surface
4 0
 (2)
2.2. Atomic force microscopy
An NT-MDT Solver HV-MFM operating in semi-contact 
mode with a non-conductive Si probe was used to map the 
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surface topography and measure the root mean square (RMS) 
surface roughness.
2.3. Focused ion beam cross section imaging
Secondary electron images of cross sections  through the 
metal–semiconductor interface were recorded using three dif-
ferent FIB instruments (FEI Nova Nanolab 600 and two Carl 
Zeiss XB1540’s). The contact surface was coated with either 
a dual layer of electron beam deposited platinum/carbon and 
ion beam deposited platinum, or a dual layer of ion beam 
deposited tungsten and sputter deposited carbon. These coat-
ings were applied prior to milling to preserve the gold sur-
face and protect from ion damage during alignment. Cross 
sections  through the interface were exposed for imaging by 
milling a trench with an ion current of 200 pA. A current of 
50 pA was used to fine polish the cross section before imaging.
2.4. Transmission electron microscopy and energy dispersive 
x-ray spectroscopy
Thin cross section foils (~100 nm) were prepared and extracted 
by an FEI 2500 FIB for imaging in high-angle annular 
dark field (HAADF) mode with a JOEL TEM. An Oxford 
Instruments EDS module was used to map the chemical dis-
tribution across the interface.
2.5. X-ray photoelectron spectroscopy
A Thermo Scientific Theta Probe spectrometer was used to 
perform XPS analysis and depth profiling. A monochromated 
Al Kα characteristic X-ray source (1486.7 eV) with a ~400 μm 
spot size and a 37° take-off angle were employed. The anal-
yser had a pass energy of 50 eV and the aliphatic carbon 
contamination peak at 285.0 eV was used to calibrate the 
measured binding energies. To obtain depth profiles, layers 
of material were sequentially etched with a 1 μA current of 
3 keV Ar+ ions rastered over an area of 2.5 mm2, followed 
by XPS analysis. Peak binding energies of the elements con-
sidered in the current study are presented in table 1 [36, 37]. 
It is well known that the tellurium and oxygen peak positions 
shift upon oxidation (compared with bulk CdZnTe or OH−/
H2O contamination, respectively) [29, 37] and these modi-
fied binding energies have also been considered. Charging of 
the sample may also lead to a peak shift. This would however 
affect peaks from all elements. This was not observed at any 
stage during the XPS depth profile measurements.
Instrument-modified Wagner sensitivity factors were 
applied to the XPS peak intensities to calculate the atomic 
composition following a Shirley background subtraction [36]. 
With the assumption that a linear relationship between sputter 
rate and etch time existed [38], the depth profiles were nor-
malized to a common etch current of 1 μA. This was necessary 
to correct for a measured variation in the Ar+ ion etch current 
between measurements. The variation in etch rate of the dif-
ferent materials in the surface layers made it impractical to 
convert etch time to interface depth.
The mathematical method of principal component anal-
ysis (PCA) was applied to the depth profile datasets. This 
allowed different regions within the depth profile to be iden-
tified where a particular photoelectron peak had shifted or 
broadened, possibly indicating the presence of multiple 
chemical states of the element of interest. Principal com-
ponents associated with the elements listed in table 1 were 
calculated and the intensity of these components were quanti-
fied and plotted as a function of etch time. If the intensities 
of two components from different elements were found to 
vary in coincidence through a region of the depth profile, it 
was considered to be an indication that a chemical compound 
of the two elements existed in that region. The built-in PCA 
function of the Avantage software of the theta probe instru-
ment was used to complete the PCA data processing. Further 
information regarding the PCA method can be found in the 
literature [36, 39].
2.6. Current–voltage measurements
A Keithley pico-ammeter and probe station housed in an elec-
trostatically shielded and light-tight enclosure were used to 
measure the low voltage (±1 V in 0.1 V steps) and high voltage 
(~  ±1 kV in 25 V step) room temperature I–V response of the 
detectors. The bias was applied to the (1 1 1)B Te-face of the 
detector and the current read out from the (1 1 1)A Cd-face. 
The high voltage I–V data was used to assess the scale and 
mechanism of leakage current in the detectors.
A common method of measuring CdZnTe bulk resistivity 
involves fitting equation (4) to the low voltage I–V data [40], 
where V is the applied bias, A the contact area, I the leakage 
current and d the detector thickness. This method assumes that 
the contacts are not contributing to the series resistance of the 
detector and that the resistance measured is purely due to the 
bulk CdZnTe. This is not the case for electroless contacts on 
CdZnTe where the contacts contribute to the series resistance. 
To demonstrate this, the detector resistance has been calcu-
lated by fitting equation (4) to the low voltage I–V data, aver-
aging across both positive and negative bias.
ρ = VA
Id
 (3)
=R V
I
. (4)
Table 1. The elements, photoelectron peaks and published binding 
energies considered in the current study [36, 37].
Element Peak Energy (eV)
Gold 4f7/2 84.0
Chlorine 2p3/2 198.5
Carbon 1s 285.0
Cadmium 3d5/2 405.1
Oxygen 1s (oxide) 529.5–530.6
Oxygen 1s (contamination) 532.0–533.1
Tellurium 3d5/2 (bulk) 572.2–573.1
Tellurium 3d5/2 (oxide) 575.2–576.3
Zinc 2p3/2 1021.8
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3. Results and discussion
3.1. Effects of gold chloride solution temperature
The effects of varying the temperature of the gold chloride 
solution on the physical and electronic properties of gold 
contacts formed by electroless deposition have been investi-
gated and are discussed in the following section. The CdZnTe 
crystals were mechanically and chemo-mechanically polished 
before being immersed in a gold chloride solution for 1 min to 
deposit the gold contacts.
3.1.1. I–V measurements. The I–V measurements taken from 
detectors contacted with increasing gold chloride solution 
temperature are presented in figure 1. The detector labels refer 
to the deposition temperature. It was observed that the I–V 
response deteriorated with increasing solution temperature, 
with leakage currents increasing from 5.1 to 55.0 nA cm−2 
at 1500 V cm−1. This would be equivalent to 3.2 to 34.4 pA 
per pixel for a 250 μm pitch pixellated detector, well within 
the required specification for the HEXITEC ASIC tolerance 
of 50 pA per channel and comparable with the performance 
of detectors fabricated directly by Redlen Technologies [41]. 
The back-to-back blocking I–V response of all five detectors 
was characteristic of a metal–semiconductor–metal system 
with two Schottky barriers. This was evident from the subtle 
‘S-bend’ in the low voltage I–V data [42]. The back-to-back 
blocking response extended up to ~  ±2000 V cm−1 for  detector 
0C and ~  ±1500 V cm−1 for detectors 10–30C. The blocking 
response of detector 40C was limited to low field strengths 
with elevated leakage currents measured at both positive and 
negative bias.
3.1.2. Voltage dependency of leakage current. A closer 
inspection of the voltage dependency of the leakage current 
for three of the detectors is shown in figure 2. Three distinct 
leakage current regions were observed. The first region had 
a V1/2 dependency. The depletion width of a semiconductor 
increases with V1/2 before full completion of the bulk is 
reached [43, 44]. This suggests that the thermal generation of 
carriers in the depletion region of the partially depleted detec-
tor was the dominant leakage current mechanism in this first 
region. The second region, where the detector had become 
fully depleted, had a quasi-Ohmic linear voltage dependency 
indicative of diffusion-limited current and the presence of a 
Schottky barrier [42]. A quasi-Ohmic voltage dependency is 
one where I is linearly proportional, but not equal to V/R. The 
final region, at the largest bias, had a quadratic voltage depen-
dency indicative of space-charge limited (SCL) injection at 
the contacts [44–48].
The detectors with contacts deposited at 0–30 °C all pro-
duced a similar response, with full depletion and quasi-Ohmic 
behaviour beginning at ~300 V cm−1 for negative bias. For 
positive bias, depletion occurred later and the quasi-Ohmic 
behaviour was only observed from ~400–600 V cm−1. SCL 
current was observed above a field strength of ~1200 V cm−1 
for detectors 10C and 20C for positive bias. The SCL cur-
rent region was not reached during the negative bias ramp of 
detectors 0–20C but it was measured above a field strength of 
~1100 V cm−1 for detector 30C. Detector 0C did not exhibit 
any SCL current under either polarity of bias.
The voltage dependency of the leakage current for detector 
40C was distinctly different from the other detectors. Detector 
40C exhibited space-charge limited current at a relatively low 
field strength of ~200 V cm−1 for positive bias and ~800 V cm−1 
for negative bias. This indicated that injection was occurring 
at the contacts of detector 40C at much lower field strengths 
compared with the other detectors.
3.1.3. Detector resistance. The detector resistance, as defined 
by equation  (4), was measured to decrease with increasing 
deposition temperature (see figure  3). The measured resis-
tance was not purely an intrinsic property of the bulk, as 
assumed by equation  (3) [40], but instead was modified by 
the series resistance of the contacts and interface states shift-
ing the Fermi level in the vicinity of the contacts. A similar 
Figure 1. High voltage range I–V measurements for detectors 0C–40C, contacted with gold chloride solution at 0–40 °C respectively. 
Measurements made at room temperature. Insert: low voltage range I–V data.
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variation in resistivity of a factor of two has previously been 
reported for contactless CdZnTe prepared with different sur-
face treatments [49].
3.1.4. Role of subsurface voids. Cross section  FIB images 
are presented in Figure 4 of the interface through gold con-
tacts deposited at (a) 0 °C and (b) 40 °C. A previous study 
by Bell et al [41] has been used to help identify the features 
of the FIB images. The current FIB images show subsurface 
voids in the CdZnTe crystal below the contact. The presence 
of voids and degradation of crystal quality has been attributed 
to the precipitation of CdCl2 [50–53]. Voids and local defor-
mations form due to stress from lattice mismatches and the 
solubility of chloride salts. An increase in subsurface voiding 
was observed for the contacts deposited at 40 °C compared 
with those deposited 0 °C. This was attributed to the increased 
reaction rate and increased precipitation of CdCl2 for the 
electroless process occurring at elevated temperatures. The 
precipitation of CdCl2 within the interface occurs during elec-
troless deposition as the concentration of Cd2+ and Cl− reach 
supersaturation levels within the solution. Chloride species 
have previously been observed in the interface following elec-
troless deposition [50–53] and PCA analysis of XPS measure-
ments [41] have confirmed that the depth distribution of metal 
chloride correlates with that of a compound of cadmium other 
than CdZnTe.
The deterioration of the subsurface structure of the contact 
and associated increase in crystalline defects with increasing 
deposition temperature was thought to be the cause of the 
increase in leakage current and decrease in detector resist-
ance. These measurements have shown that a reduced gold 
chloride solution temperature improves interface uniformity 
by controlling the reaction rate and reduces detector leakage 
current. The measurements presented were made after the 
contacts had returned to room temperature. It is unlikely that 
any significant thermodynamically-driven diffusion through 
Figure 2. Log–log (a) positive and (b) negative bias I–V data for detectors contacted with gold chloride solution at 0, 30 and 40 °C. 
Measurements made at room temperature. Three distinct regions are identified where different leakage current mechanisms dominate. 
The V1/2 region is dominated by the thermal generation of carriers in the partially depleted bulk. The V1 region is diffusion limited (quasi-
Ohmic) and the V2 region is dominated by space-charge limited injection from the contacts.
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Figure 3. Resistance of detectors contacted with gold chloride solution at 0–40 °C. Measurements made at room temperature.
Figure 4. FIB cross section images of contacts deposited with gold chloride solution at (a) 0 °C and (b) 40 °C showing subsurface voids.
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the interface would occur after contact deposition as CdZnTe 
detectors are typically operated at room temperature or below.
3.2. Effects of surface preparation
The effects of varying the CdZnTe surface preparation on 
the physical and chemical structure of gold contacts formed 
by electroless deposition have been investigated and are dis-
cussed in the following section. The CdZnTe surfaces were 
either mechanically polished-only (MP) or both mechanically 
and chemo-mechanically polished (CMP).
3.2.1. Interface depth measurements. XPS depth profiles 
through contacts deposited on the Te- and Cd-faces of MP and 
CMP CdZnTe crystals are shown in figure 5. These profiles are 
representative of the four MP and eight CMP crystals investi-
gated. The chemistry of the four presented profiles were simi-
lar, with a surface gold layer on top of a mixed interface of 
gold/tellurium oxide and finally bulk CdZnTe. The time taken 
to etch through and reach the bulk CdZnTe was recorded dur-
ing the XPS analysis giving an indication of the depth of the 
metal–semiconductor interface from the surface (the interface 
depth represents the gold layer plus oxide region). The bulk 
was considered to have been reached once the tellurium con-
centration reached 95% of its maximum value. It was con-
sistently found that for the eight CMP detectors tested, the 
interface formed on the (1 1 1)A Cd-face penetrated deeper 
into the CdZnTe crystal than the interface formed on the 
(1 1 1)B Te-face. On average, the time taken to etch through 
the interface formed on the Cd-face was 23   ±   4% longer than 
that through the interface on the Te-face. No such asymmetry 
was found between the interfaces formed on the two (1 1 1) 
faces of the four detectors tested with MP surfaces. The time 
taken to etch through the interface formed on the Te-face of 
MP detectors was found to be longer than the time taken to etch 
through the same face of CMP detectors. This difference can 
also be seen in the example FIB cross section images shown in 
figure 6, where the average total interface depth was measured 
to be 137   ±   2 nm on the MP Te-face and 77   ±   2 nm on the 
CMP Te-face. Other than surface preparation, the deposition 
conditions were identical. For the Cd-face, the difference in 
etch time between MP and CMP surfaces was negligible and 
within the uncertainty.
3.2.2. Role of (1 1 1) face identity. Mechanical polishing of 
CdZnTe is an abrasive process that introduces damage to the 
crystal surface that penetrates into the bulk material [54]. This 
mechanical damage is likely to degrade the definition of the 
(1 1 1) Te- and Cd-faces. However this does not explain why 
electroless contacts on MP surfaces produce a symmetric I–V 
response when sputtered contacts on a similar surface pro-
duce an asymmetric I–V response (see Figure  7). It can be 
concluded that the innate polarity of the (1 1 1) crystal orien-
tation is preserved during mechanical polishing. Instead, the 
corrosive nature of the electroless process roughens the inter-
face and degrades the (1 1 1) face definition, which weakens 
Figure 5. Example XPS depth profiles through contacts deposited 
on (a) MP Te-face, (b) MP Cd-face, (c) CMP Te-face and (d) CMP 
Cd-face.
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the crystal polarity and results in the symmetric I–V response 
of electroless contacts on MP CdZnTe
However, the asymmetric interface depth of electroless con-
tacts on the CMP detectors indicates that the electroless reac-
tion does not completely degrade the (1 1 1) face definition of 
bromine treated CdZnTe. It is known that the bromine treat-
ment preferentially removes cadmium, leaving a tellurium 
rich surface [55–57]. The electroless gold chloride reaction 
with cadmium is also energetically favoured over the reaction 
with tellurium [22]. The result is that the Cd-face of the (1 1 1) 
aligned crystal is preferentially etched twice during the fabrica-
tion of a CMP detector with electroless contacts, which leads to 
a difference in total interface depths for (1 1 1) CMP CdZnTe.
3.2.3. Interface uniformity. The interface formed during elec-
troless deposition was observed to be more uniform for MP 
surfaces compared with CMP surfaces (see figure 6). The dif-
ference in interface uniformity after electroless deposition is 
thought to be due to differences in surface roughness prior to 
contact deposition. Bare MP CdZnTe was measured by AFM 
to have an RMS surface roughness of 2.9   ±   0.6 nm, compared 
with 8   ±   1 nm for bare CMP CdZnTe. The CMP surface also 
presented an undulating morphology, as shown in the AFM 
map of figure 8(b), where the height of the crystal surface was 
observed to change by ~  ±  50 nm over distances of ~20 μm. 
This was attributed to be the ‘orange peel’ effect which is 
commonly observed following bromine-in-methanol etching 
[58, 59]. The MP surface, shown in figure 8(a), presented a flat 
morphology in comparison.
3.2.4. Subsurface damage. Cross section  images of the 
interface formed by electroless deposition were taken using a 
FIB. A number of samples were found with deep subsurface 
features present within the interface. Of the six MP and six 
CMP interfaces investigated in this manner, all six of the later 
and only one of the former contained these features. A TEM 
foil was extracted from one of the interfaces for further TEM 
and EDS analysis (see figure  9). The features were charac-
terized by a region of bright grains dispersed throughout the 
darker subsurface layer. An EDS line scan across one of the 
affected interfaces confirmed that these regions were domi-
nated by the presence of gold, tellurium and oxygen.
Principal component analysis was applied to the XPS 
depth profile shown in figure  5(c), which was measured 
through one of the contacts possessing a subsurface feature. 
A FIB cross section image of the contact showing a subsur-
face feature is presented in figure 10(a) and the XPS–PCA 
depth profile though the contact is shown in figure 10(b). Two 
PCA components for the gold 4f peak and three for tellurium 
3d5/2 peak were identified and are shown in figures 10(c) and 
(d) respectively. The binding energy (83.8 eV) and distribu-
tion through the interface of the first gold 4f component was 
consistent with that of elemental gold. The second gold com-
ponent was broadened and shifted by 0.4 eV to higher ener-
gies, indicating that some of the gold present was bound in 
a different chemical state. The first tellurium component was 
consistent with bulk CdZnTe and the second consistent with 
tellurium oxide. The third tellurium component was broad-
ened and shifted by 0.3 eV to higher energies compared with 
the CdZnTe component and the distribution of this compo-
nent through the interface appeared to track that of the second 
gold component, indicative of a gold telluride phase in this 
region. A localized increase in the concentration of gold 
and tellurium was also found within the EDS line scan of 
figure 9(b), between 200–250 nm. The photoelectron spectra 
for the gold 4f and tellurium 3d5/2 peaks are presented in fig-
ures 10(e) and (f) for comparison with the PCA components 
presented in figures 10(c) and (d). The binding energy of the 
gold 4f7/2 peak was measured to increase by 0.4 eV from its 
value of 83.8 eV in the surface gold layer (after etching for 
250 s) to its values in the interface of 84.2 eV (after etching 
for 1250 s). The tellurium 3d5/2 was also measured to increase 
by 0.4 eV from its bulk value of 572.3 eV (after etching for 
6000 s) to a value of 572.7 eV at the peak of the gold telluride 
component (after etching for 2250 s). The gold telluride peak 
binding energy value of 572.7 eV is lower than that of ele-
mental tellurium, which is 572.9 eV [37]. The positive shift of 
the gold binding energy and the negative shift of the tellurium 
binding energy, both relative to their pure elemental values, is 
indicative of (partial) electron transfer from gold to tellurium. 
Figure 6. Example cross section FIB images through the gold 
contacts on (a) MP and (b) CMP Te-face of CdZnTe formed by 
electroless deposition at 0 °C. The total interface depth was found to 
be greater and the interface more uniform on MP surfaces.
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This is consistent with the core level binding energy shifts for 
other metal tellurides [37].
During XPS measurements a sample may become charged 
as electrons are ejected from the surface. This can result in a 
positive shift in the apparent binding energy of a photoelec-
tron. If charging had been responsible for the binding energy 
shift observed during the current XPS measurements, the pho-
toelectron peaks of all the elements would have been shifted. 
This was not observed, hence the components observed in 
the PCA analysis can be considered to be real changes in the 
chemical state of the elements.
Subsurface gold features similar to the ones presented 
above have been observed before in FIB images of gold con-
tacts on CdZnTe. Based on PCA analysis of XPS data these 
were attributed to the presence of Au/AuTe particulates [41]. 
It is proposed that the bright grains, observed in the deep sub-
surface features within the TEM/FIB cross section images of 
figures 9 and 10, are gold particulates with an internal com-
position of elemental gold and a surface composition of gold 
telluride. In the previous study, the gold particulates were 
dispersed throughout the interface suggesting a uniform depo-
sition process. The features observed in the current study are 
believed to originate from a non-uniform deposition process 
across the CdZnTe surface. The electroless deposition reaction 
rate will vary at locations with surface scratches and defects. 
Such features are introduced during crystal processing and 
handling. This effect will be more pronounced for CMP detec-
tors due to the non-uniform bromine etching of these features 
[49, 60]. This is why the localized subsurface damage and 
deep penetration of Au/AuTe particulates, as exemplified in 
figure 9(a), was more often found in CMP detectors compared 
with MP detectors.
Further evidence of possible subsurface damage was 
found in the depth profile through the CMP detector shown in 
figure 5(c). Oxygen present within the interface of electroless 
contacts has generally been found to be in the form of oxide, 
with an O1s binding energy of ~530.5 eV. In figure  4(c), 
between ~1000–2500 s, the O1s peak was split with a signif-
icant shoulder-peak at a binding energy 532.3 eV. This was 
consistent with a high concentration of OH−/H2O within the 
Figure 7. A comparison of the I–V response of MP and CMP CdZnTe detectors with contacts formed by electroless deposition at 0 °C. 
The CMP detector exhibits slightly increased asymmetry compared with the MP detector. The MP detector with sputtered contacts is 
highly asymmetric indicating that mechanical polishing alone does not explain the symmetry of the electroless contacts on MP detectors. 
Sputtering was performed with an Emitech K575X magnetron sputter coater with a target current of 100 mA for 2 min without heating or 
cooling the substrate. The deposition conditions were identical for both faces of the sputter contacted detector.
Figure 8. AFM measurements of (a) bare MP and (b) CMP CdZnTe surfaces. The fine peaks are dust particulates on the crystal surface.
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interface. The binding energy of an OH- species is typically ~ 
1.5 eV higher than the oxide binding energy. The H2O binding 
energy is in turn ~ 1.5 eV higher than the OH− peak. It was not 
possible to resolve the two peaks within the shoulder-peak so 
only a single, combined OH−/H2O peak has been fitted and 
quantified. It is proposed that OH−/H2O was incorporated in 
a subsurface region of damage, possibly similar to that shown 
in figure 9. The O1s spectrum measured at 1600 s, where the 
OH−/H2O peak was most intense, is shown in figure 11.
4. Conclusions and summary
The effects of prior surface preparation and gold chloride 
solution temperature on the formation of gold contacts by 
electroless deposition on (1 1 1) orientated single-crystal 
CdZnTe have been investigated. The structure, chemistry and 
electronic response of the contacts have been studied using 
a range of characterization techniques, including I–V, FIB, 
XPS, AFM, TEM and EDS.
Increasing gold chloride solution temperature was found to 
detrimentally affect the I–V response of the contacts formed 
by electroless deposition due to the formation of voids. The 
operating bias of detectors with contacts deposited at higher 
temperatures is limited by current injection through these con-
tacts. It was concluded that a low temperature deposition was 
preferable. This simple modification of the fabrication process 
has the potential to improve both detector performance and 
yield.
Figure 9. (a) TEM cross section image and (b) 400 nm EDS line scan through an electroless gold contact on a CMP surface. A deep 
subsurface feature is observed, along with damage to the surface gold layer associated with the failure to develop a continuous film over the 
subsurface feature. The broken line overlaid in (a) indicates the position of the EDS line scan.
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Figure 10. (a) FIB cross section image through an electroless gold contact on a CMP surface. Deep subsurface features are observed, 
along with damage to the surface gold layer associated with the failure to develop a continuous film over the subsurface feature. (b) XPS 
depth profile showing the distribution of the two gold and three tellurium PCA components, which are shown in (c) and (d) respectively. 
Au_PCA_1 (83.8 eV) and Au_PCA_2 (84.2 eV) are associated with elemental gold and gold telluride, respectively. Te_PCA_1 (572.3 eV),  
Te_PCA_2 (576.0 eV) and Te_PCA_3 (572.6 eV) are associated with bulk tellurium, tellurium oxide and gold telluride, respectively. (e) 
Gold 4f photoelectron spectra measured within the surface gold layer (250 s) and at peak of gold telluride component (1250 s). (f) Tellurium 
3d5/2 photoelectron spectra measured within the CdZnTe bulk (6000 s, 572.3 eV), at the peak of the gold telluride component (2250 s, 
572.7 eV) and at the peak of the oxide component (1750 s, 576.2 eV).
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The interfaces formed on the Te- and Cd-faces of 
mechanically polished-only CdZnTe are identical and 
detectors fabricated this way produce a symmetric I–V 
response. This is because the electroless deposition process 
degrades the definition of the mechanically polished-only 
(1 1 1) face. The interfaces formed on the Te- and Cd-faces 
of chemo-mechanically polished CdZnTe are not identical, 
however the I–V response is broadly symmetric with a 
deviation from symmetry only observed at elevated field 
strengths. It is proposed that the preferential removal of 
cadmium by both bromine and the gold chloride solution 
results in a deeper interface at the (1 1 1)A Cd-face. The 
frequency and extent of subsurface damage was also found 
to increase following chemo-mechanical polishing with 
bromine-in-methanol. Eliminating the chemo-mechanical 
polish stage from the fabrication process is desirable from 
a time, cost and safety perspective. The current work has 
shown that it would also be desirable from a fabrication 
yield perspective.
Understanding the contact deposition process is of vital 
importance to understanding how a CdZnTe detector will 
perform. The presented results build on and complement the 
previous literature regarding the electroless deposition of gold 
contacts on CdZnTe and will ultimately lead to improvements 
in the fabrication of these detectors.
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